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Asphalt pavements suffer various failures due to insufficient quality within their design lives. The American
Association of State Highway and Transportation Officials (AASHTO) Mechanistic-Empirical Pavement
Design Guide (MEPDG) has been proposed to improve pavement quality through quantitative performance
prediction. Evaluation of the actual performance (quality) of pavements requires in situ nondestructive testing
(NDT) techniques that can accurately measure the most critical, objective, and sensitive properties of
pavement systems. The purpose of this study is to assess existing as well as promising new NDT technologies
for quality control/quality assurance (QC/QA) of asphalt mixtures. Specifically, this study examined field
measurements of density via the PaveTracker electromagnetic gage, shear-wave velocity via surface-wave
testing methods, and dynamic stiffness via the Humboldt GeoGauge for five representative paving projects
covering a range of mixes and traffic loads. The in situ tests were compared against laboratory measurements
of core density and dynamic modulus. The in situ PaveTracker density had a low correlation with laboratory
density and was not sensitive to variations in temperature or asphalt mix type. The in situ shear-wave velocity
measured by surface-wave methods was most sensitive to variations in temperature and asphalt mix type. The
in situ density and in situ shear-wave velocity were combined to calculate an in situ dynamic modulus, which
is a performance-based quality measurement. The in situ GeoGauge stiffness measured on hot asphalt
mixtures several hours after paving had a high correlation with the in situ dynamic modulus and the laboratory
density, whereas the stiffness measurement of asphalt mixtures cooled with dry ice or at ambient temperature
one or more days after paving had a very low correlation with the other measurements. To transform the in
situ moduli from surface-wave testing into quantitative quality measurements, a QC/QA procedure was
developed to first correct the in situ moduli measured at different field temperatures to the moduli at a
common reference temperature based on master curves from laboratory dynamic modulus tests. The
corrected in situ moduli can then be compared against the design moduli for an assessment of the actual
pavement performance. A preliminary study of microelectromechanical systems- (MEMS)-based sensors for
QC/QA and health monitoring of asphalt pavements was also performed.
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EXECUTIVE SUMMARY 
Quality control/quality assurance (QC/QA) is of critical importance for asphalt pavements to 
achieve their design lives and to minimize failures. The purpose of this study is to assess several 
in situ nondestructive testing (NDT) technologies for QC/QA of asphalt mixtures. The NDT 
technologies examined include the electromagnetic PaveTracker gage for measuring density, 
surface-wave testing methods for measuring shear-wave velocity profiles, and the Humboldt 
GeoGauge for measuring stiffness. 
Five representative paving projects in Iowa were selected for NDT: (1) newly constructed 
pavement sections for a separate research project at the Boone Central Iowa Expo site featuring 
low-volume roads with hot mix and warm mix asphalts, with various base and pavement 
treatments, construction techniques, and equipment; (2) US 69; (3) US 169 (both US 69 and 
US 169 are medium-volume roads with hot mix asphalt resurfacing; (4) IA 93, which is a low-
volume road with three different resurfacing methods: cold-in-place recycling, thin overlay, and 
full-depth-reclamation; and (5) US 6, which is a high-volume road with both hot mix and warm 
mix asphalts containing steel slag.  
For each project, six or more test locations were randomly selected for measurement by the three 
NDT methods, followed by coring for laboratory testing. Surface-wave tests were carried out 
along straight lines centered on the testing locations and running parallel to the paving direction. 
Immediately before or after surface-wave tests, in situ density and stiffness were also measured 
at the test locations using the PaveTracker and GeoGauge, respectively. Because asphalt stiffness 
and shear-wave velocity are very sensitive to temperature, the asphalt surface layer temperature 
was recorded at the same time as the NDT measurements. “Hot” tests were performed up to a 
few hours after paving, and “cold” tests were performed after cooling the pavement surface with 
dry ice. Additional ambient-temperature tests were also performed on several projects one or 
more days after paving to examine the influence of temperature on the NDT measurements. This 
can be important for properly interpreting the results of in situ tests, which will inevitably be 
performed over a range of seasonal ambient temperatures.  
Immediately after completing the NDT measurements, field cores were taken at the testing 
locations. Laboratory dynamic modulus tests were performed on the field cores over a range of 
frequencies and temperatures using the indirect tension (IDT) method. A master curve was 
constructed for each pavement section to correct the in situ moduli measured at different field 
temperatures to the moduli at a common reference temperature. A quality measurement was then 
developed by comparing the corrected in situ moduli to their design values. 
Conclusions from the results of this study can be summarized as follows:  
 The in situ PaveTracker density has a low correlation with laboratory density, and it is not 
sensitive to variations in temperature or pavement type. Therefore, QC/QA based solely on in 
situ density measurement by this device is not recommended. 
 The GeoGauge stiffness measured on hot asphalt mixtures several hours after paving has a 
xiv 
high correlation with in situ dynamic modulus and laboratory density, whereas the stiffness 
measured on cold and ambient-temperature asphalt mixtures has a very low correlation with 
the other measurements. Therefore, the GeoGauge stiffness measured on hot asphalt mixtures 
is recommended for QC. 
 Among all methods examined, the shear-wave velocity from surface-wave testing is the most 
sensitive to variations of temperature and pavement type. Therefore, shear-wave velocity is 
an objective property to measure asphalt pavement quality. 
 The in situ density and shear-wave velocity measurements can be combined to calculate the 
in situ dynamic modulus, which is directly related to pavement performance. To account for 
temperature effects and provide a uniform quality comparison, the in situ modulus measured 
at a given field temperature should be corrected to the modulus at a common reference 
temperature.  
 The laboratory moduli measured with the IDT method are in good agreement with those 
measured with the axial method (AASHTO T 342-11). The moduli of samples measured over 
a range of frequencies and temperatures was used to construct master curves, with one of the 
reference temperatures chosen to be the same as one of the field-test temperatures. 
 To construct a master curve for the field temperature given laboratory modulus 
measurements at other temperatures, linear interpolation of logarithmic moduli from the 
measured master curves was found to yield the best agreement with the curve measured at 
the actual field temperature. 
 The measured and interpolated master curves from laboratory tests on cores by the IDT 
method can be employed to correct the in situ moduli measured at different field 
temperatures to the moduli at a common reference temperature. 
 A modulus-based QC/QA procedure was developed that is accurate, objective, and 
sufficiently sensitive to quantitatively measure the quality of asphalt mixtures. 
 A preliminary study on MEMS-based sensors identified a battery-free, wireless, radio-
frequency identification (RFID) passively powered sensor technology that shows promise for 
further development of embedded strain gauges for QC/QA and health monitoring. Among 
three different sensor configurations tested, one was found to survive the paving process and 
was successfully interrogated through 2 in. of asphalt pavement, giving temperature 
measurements immediately after paving as well as one week later. 
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CHAPTER 1 – INTRODUCTION 
1.1 Problem Statement 
Asphalt pavements suffer various failures after construction, and they commonly require 
rehabilitation to achieve their design lives. The empirical design of asphalt pavements has been 
identified as one of the major reasons for their undesirable performance. The mechanistic-
empirical pavement design guide (MEPDG) was developed to enable quantitative performance 
prediction for the design of new and rehabilitated pavement structures. In addition to traffic and 
climate data, the mechanistic-empirical (M-E) design procedure requires measurement of 
fundamental pavement material properties rather than the use of empirical relationships. Quality 
control and quality assurance (QC/QA) procedures based on measured fundamental properties 
are thus necessary for enabling quantitative evaluations of pavement condition and performance. 
Significant time and financial resources are routinely spent on QC/QA testing of asphalt 
pavement construction projects. A substantial amount of research has been performed on several 
nondestructive testing (NDT) technologies for flexible pavements, with the goals of improving 
the speed and accuracy of QC/QA methods and enabling practice to evolve beyond destructive 
testing. Some examples of these NDT technologies are nuclear gauges, electromagnetic gauges, 
permeability-based approaches, seismic testing techniques, and intelligent compaction based on 
measurement of machine variables during the construction process. However, the destructive and 
relatively time-consuming process of coring for laboratory measurement of bulk specific gravity 
(Gmb) continues to be the most widely used QC/QA method in the US. This may be due to the 
burdens of licensing and regulation requirements for nuclear gauge testing, and the need for 
improved accuracy and precision before the other NDT QC/QA technologies can be accepted 
into practice. The time required for coring and density measurement can result in multiple days 
of inadequate mix being placed by the contractor before the in-place density is known via QA 
testing. As a result, contractors may suffer losses from reduced pay factors, and projects may be 
delayed while substandard pavement sections are removed and replaced. 
Asphalt pavements in Iowa are cored for determination of the in-place density for QC by the 
contractor and QA by the Iowa DOT. Core density is typically evaluated in the laboratory by 
measuring the Gmb according to AASHTO T 166 (AASHTO 2007). Although it is considered the 
standard by which other methods are measured, the procedure is time consuming and costly. The 
process of coring slows construction progress, whereas placement of inadequate pavement before 
test results are obtained can cause project delays as mentioned above. Additionally, the 
destructive coring process creates holes in the new pavement that are sometimes improperly 
repaired, leaving it more susceptible to premature failure.  
In search of more efficient and nondestructive QC/QA tools to replace coring procedures, 
nuclear density gauges have found some utility because they offer rapid assessment of in-place 
asphalt mixture density during construction. However, nuclear gauges have a number of 
drawbacks, because they require a state radioactive materials license, a radiation safety officer, 
dosimeter badges for operators, regular recalibration, and certification records for the operators, 
calibrations, and badges.  
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Development of nonnuclear density measurement technologies that can be verified in terms of 
accuracy and repeatability potentially offer significant savings of time, money, and natural 
resources. However, density measurements of asphalt pavements are not sensitive to temperature 
variations that can significantly affect performance (e.g., modulus). 
To obtain a more performance-based measure of pavement quality, significant progress has been 
made in several previous studies on in situ measurement of dynamic modulus of asphalt 
pavements by seismic testing methods. However, more robust and less delicate seismic testing 
systems still need to be developed for seismic testing methods to provide consistent, reliable and 
objective results. Additionally, a straightforward and practical QC/QA procedure is needed to 
convert the in situ dynamic modulus measurements to more quantitative measures of pavement 
quality. Both of these research needs are addressed in the present study. 
1.2 Objectives 
The goal of this research is to assess the performance of a range of selected NDT technologies 
for QC/QA of asphalt pavement construction and rehabilitation, and to make recommendations 
on their implementation or further development for Iowa DOT paving projects. The field NDT 
technologies to be examined include the Humboldt GeoGauge, Troxler PaveTracker (PT) 
electromagnetic (EM) gauge, and seismic surface-wave methods (SWMs). Laboratory 
measurements of density and dynamic modulus of core samples will be used as common 
benchmarks by which the accuracy, precision, and repeatability of the NDT technologies will be 
assessed. Statistical analyses will also be performed to identify the significant factors affecting 
the measurements of the individual field technologies. 
The secondary research objective is to perform a preliminary feasibility study on QC/QA and 
subsequent health monitoring of asphalt pavements using embedded microelectromechanical 
systems (MEMS) sensors. Based on the survivability of the sensors and results of the preliminary 
study, recommendations will be made for further research or implementation of MEMS sensors 
for QC/QA and health monitoring on a larger scale. 
1.3 Report Organization  
This report includes seven chapters. Chapter 1 contains an overview of the research problem, 
objectives, and report organization. Chapter 2 provides a literature review of QC/QA, NDT 
techniques, and laboratory testing methods. Chapter 3 includes nondestructive measurements of 
density, shear-wave velocity, and stiffness of asphalt pavements using the PT, surface-wave 
testing equipment, and GeoGauge, respectively. Chapter 4 presents laboratory measurements of 
density and dynamic modulus of asphalt cores. Chapter 5 introduces a QC/QA procedure based 
on the in situ and laboratory results. Chapter 6 presents a preliminary study on the use of 
embedded MEMS-based sensors for QC/QA of asphalt pavements. Finally, Chapter 7 describes 
the conclusions and recommendations. Raw data and analysis results for the field nondestructive 
tests are presented in Appendix A, while the same for laboratory tests are detailed in Appendix B. 
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CHAPTER 2 – LITERATURE REVIEW 
2.1 Quality Control/Quality Assurance of Asphalt Mixtures 
Traditional QC/QA procedures are based on properties of asphalt mixtures (density, air voids, 
and permeability) measured either using in situ methods at the surface of an asphalt layer (e.g., 
Larsen and Henault 2006, Williams 2008, Mason and Williams 2009, Williams et al. 2013), or 
taking cores for laboratory measurement (e.g., Williams 2001, Buchanan and White 2005, 
Williams et al. 2013). Although these traditional QC/QA procedures play an important role in 
ensuring high-quality pavements, they employ only the volumetric properties, thickness, and 
roughness (i.e., present serviceability index) but not actual mechanical properties such as 
modulus. However, the mechanical properties are more sensitive than volumetric properties to 
quality variation, and are also required for the performance-based MEPDG. A pavement 
structure can be modeled as an elastic and/or viscoelastic multilayered system, the quality and 
remaining life of which can be evaluated based on prediction of the strains and stresses at the 
interfaces of different layers (Celaya et al. 2006). The modulus of an asphalt layer is also of 
critical importance for estimating fatigue cracking (Finn et al. 1977).  
The use of modulus for QC/QA has been promoted by Li and Nazarian (1995), Nazarian et al. 
(2005), Celaya and Nazarian (2006), Celaya et al. (2006), Jiang (2007), Barnes and Trottier 
(2010a and 2010b), and Icenogle and Kabir (2013). A variety of testing equipment for in situ 
modulus measurement has been developed by Nazarian (1984), Stokoe et al. (1994), Park et al. 
(2001), Ryden (2004), and Lin and Ashlock (2011 and 2014). Overall, good correlations have 
been found between the in situ modulus and laboratory modulus (e.g., Saeed and Hall 2003, Bai 
2004). Additionally, QC/QA based on measured moduli has been demonstrated to be more 
objective for characterization of asphalt layers by accounting for effects of temperature and 
loading frequency (Abdallah et al. 2005, Nazarian et al. 2005, Celaya et al. 2006). The 
advancement of QC/QA from methods based on volumetric and geometrical properties to those 
based on mechanical properties has been driven by the evolution of design procedures from 
empirical to M-E (Bai 2004).  
Celaya et al. (2006) developed a QC/QA procedure based on seismic NDT measurements 
consisting of three steps: (1) a target modulus is determined by laboratory testing of asphalt 
mixtures prior to construction, (2) an in situ modulus is measured using surface-wave methods, 
and (3) a quality measurement is obtained by comparing the in situ modulus to the target 
modulus. Four major features of a quality measurement device were identified in the procedure: 
(1) measurement of fundamental material properties, (2) high measurement accuracy, (2) high 
sensitivity of the device to the properties of interest, and (4) high precision of the device. 
2.2 Nondestructive Measurement of Modulus  
To identify the quality of placed asphalt, specimens are usually cored in the field and tested in 
the laboratory. To replace the expensive, destructive, and time-consuming coring process, 
researchers have studied a variety of NDT methods, such as surface-wave methods and falling 
weight deflectometer (FWD) tests, which have also been used for determination of asphalt 
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modulus (e.g., Tertre et al. 2010, Icenogle and Kabir 2013). It is difficult, however, to accurately 
determine the modulus of pavement layers from FWD tests because of the large spacing between 
the receivers, lack of high-frequency content in the impact load, and low sampling rates. On the 
other hand, SWM test equipment can generate surface waves with smaller receiver spacing to 
cover a wide range of wavelengths to reach the depths of interest, with much greater high-
frequency content in the loading than FWD tests (greater than 10 kHz vs. 1 kHz; Icenogle and 
Kabir 2013). 
Surface wave testing of pavements can be traced back to the continuous surface wave (CSW) 
method developed by Van der Poel (1951) and further advanced by Heukelom and Foster (1960), 
Jones (1955, 1958, 1962), and Vidale (1964) (Figure 2.1).  
a)  b)  
Figure 2.1. Continuous surface wave testing equipment developed by (a) Van der Poel 
(1951) and (b) Heukelom and Foster (1960) 
After the popularization of the fast Fourier transform (FFT) in the 1960s, the CSW testing 
procedure evolved into the widely used spectral analysis of surface waves (SASW) method 
developed by Heisey et al. (1982), Nazarian (1984), Rix (1988), and Stokoe et al. (1994) (Figure 
2.2).  
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a)  b)  
Figure 2.2. SASW testing equipment developed by (a) Nazarian et al. (1995), (b) Olson 
(2008) 
Following the success and wide usage of the multichannel analysis of surface waves (MASW) 
method in near-surface stiffness profiling of soils (e.g., Park et al. 1999), the method was also 
applied to pavements using arrays of geophones by Park et al. (2001) and later using arrays of 
accelerometers by Tertre et al. (2010) and Lin and Ashlock (2014) (Figure 2.3). The evolution of 
the surface-wave methods is summarized in Figure 2.4. 
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a)  
b)  
c)  
Figure 2.3. MASW testing equipment developed by (a) Park et al. (2001), (b) Tertre et al. 
(2010), and (c) Lin and Ashlock (2014) 
 
Figure 2.4. Evolution of surface-wave methods 
To reduce the cost and inconvenience of coupling multiple receivers to pavement in MASW 
testing (Figure 2.5a), the multichannel simulation with one receiver (MSOR) method was 
developed and applied to pavement stiffness profiling by Ryden et al. (2001, 2002a, 2002b, 
2006), Park et al. (2002), Olson and Miller (2010), and Lin and Ashlock (2011). In one form of 
MSOR testing, synthetic multichannel records are created by applying multiple impacts at a 
fixed source location while a single receiver is incrementally moved out over a range of offsets. 
More commonly, the source and receiver are reversed according to the reciprocity theorem of 
mechanics, such that the receiver is fixed while the impact location is moved out (Figure 2.5b). 
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a)  b)  
Figure 2.5. Schematic of setup for (a) MASW tests, (b)  MSOR tests (after Ryden et al. 
2002b) 
The data from SASW and MASW tests are processed to obtain the shear-wave phase-velocity 
spectra in the form of dispersion images or dispersion curves. Low frequencies correspond to 
material properties at greater depths, and high frequencies correspond to shallower depths. To 
measure the properties of the pavement layer, the measurement depth can be reduced by 
decreasing the receiver spacing, increasing the high-frequency content of the impact, and 
increasing the sample rate. For the small strains involved in surface-wave testing, the asphalt 
behaves visco-elastically, and the Young’s modulus (or stiffness, E) can be obtained from shear 
wave velocity (VS) as 
22(1 ) SE V    (1-1) 
where  is mass density and  is Poisson’s ratio.  
Because of the decreasing velocity (stiffness) with depth for typical pavement structures 
consisting of pavement, base, subbase, and subgrade layers, the phase-velocity spectra from 
surface-wave tests on pavements primarily show an increase in phase velocity with frequency. 
However, wave propagation in pavement layers is very complex.  
As detailed in Ryden et al. (2006), the phase-velocity spectrum of a layered pavement system 
actually consists of several branches that can be approximated as multiple modes of anti-
symmetric and symmetric Lamb waves for a free plate corresponding to the material properties 
of the pavement layer. The correspondence to Lamb waves is approximate, because the 
pavement layer is not truly free but interacts with the underlying base and subgrade layers to 
create partial branches of leaky quasi-Lamb waves in the low-frequency regime. At high 
frequencies (typically above 10 kHz), however, the experimental phase velocities approach those 
of the fundamental anti-symmetric (A0) and symmetric (S0) modes of dispersive Lamb waves, 
which themselves asymptotically approach the pavement layer’s Rayleigh-wave velocity (Figure 
2.6).  
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Figure 2.6. Anti-symmetric and symmetric modes of a free plate (Ryden and Park 2004) 
To obtain accurate properties of the base and subgrade layers, inversion of the phase-velocity 
dispersion data would require matching of the low-frequency branches generated by interaction 
of leaky quasi-Lamb waves in these layers. Alternatively, if only the properties (E-modulus and 
thickness) of the stiff top pavement layer are desired, inversion can be avoided by using a 
simplified analysis in which experimental phase velocities are matched to the fundamental A0 
mode of Lamb waves in a free plate (as well as segments of the S0 mode, if detected), as 
described by Ryden et al. (2004, 2006). As shown in Figure 2.6, the A0 mode approaches the 
Rayleigh-wave velocity at high frequencies. If the experimental dispersion data can be measured 
to sufficiently high frequencies, the Rayleigh-wave velocity of the pavement layer can simply be 
read as the horizontal asymptote. 
In this study, a more general approach is taken in which a numerical model of the pavement, 
base, subbase, and soil layers is used in a multilayer inversion procedure to solve for the 
thickness and phase velocity of each layer. Because the solution is not unique, optimization 
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methods are used to minimize the misfit between the experimental dispersion curves and 
theoretical dispersion curves of randomly generated multilayer models (Lin 2014).  
Whether employing a multilayer inversion or the free-plate Lamb wave approximation, 
resolution of the pavement-layer properties first requires accurate experimental measurement of 
the phase-velocity spectrum at high frequencies. A high-resolution testing setup and delicate 
operation are required because of the high wave speeds, short wavelengths, and small motions 
involved. To reliably measure high-frequency dispersion characteristics, the MSOR method 
requires a repeatable impact source that can generate waves with consistent timing and triggering 
(Park et al. 2002), with minimal deviation from the intended impact locations. This is because all 
sensors in an MASW test measure the same seismic waves from a single triggered impact, 
whereas generation of the equivalent data by MSOR requires a separate triggered impact for each 
sensor. Based on the results of several tests performed in this study, the MASW method can 
provide more reliable measurement of high-frequency components owing to the fixed receiver 
locations and less-stringent requirement on impact repeatability. The primary drawbacks of 
MASW testing for pavements are the costs of multiple accelerometers and a multichannel signal 
analyzer, as well as the time required to couple and decouple multiple accelerometers. 
For more than a decade, the portable seismic pavement analyzer (PSPA) has been the state-of-
the-practice equipment for surface-wave testing for engineers and DOT agencies (Nazarian et al. 
1995, Celaya et al. 2006, Icenogle and Kabir 2013). Portable seismic pavement analyzer users, 
however, have experienced occasional difficulties in measuring high-quality data because of 
deterioration of the rubber feet and unsmooth asphalt surfaces (e.g., Icenogle and Kabir 2013). 
Moreover, the PSPA produces significant uncertainty in the shear-wave velocity of asphalt 
pavement layers by averaging a wide range of discrete dispersion data at short wavelengths 
(<6 in.) and high frequencies (>10 kHz) (Figure 2.7). To overcome those challenges, the study 
by Lin and Ashlock (2014) demonstrated that the custom-built MASW equipment and data 
acquisition (DAQ) program developed in this study can improve the robustness of the equipment 
and the certainty of dispersion data with great efficiency at relatively low cost. 
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a)  
b)  
c)  
Figure 2.7. Examples of uncertainty in near-surface (high-frequency) experimental 
dispersion data measured with PSPA: (a) and (b) from Celaya and Nazarian (2006), 
(c) from Celaya et al. (2006) 
2.3 Nondestructive Measurement of Stiffness  
The Humboldt GeoGauge is a portable device that provides a simple, rapid means of obtaining a 
measure of stiffness and modulus of prepared soil and aggregate. The recommended operating 
temperature of the device is between 0 and 38°C. Humboldt specifications state that the 
GeoGauge measures the mechanical impedance of a material at the material surface by imparting 
very small displacements to the ground (<1.27x10
-6
 m or <0.00005 in.) at 25 steady-state 
frequencies between 100 and 196 Hz. The GeoGauge measures the stiffness by dividing the 
force imparted to the material by the resulting surface deflection for each frequency. A single 
stiffness value is determined by computing the average stiffness over the 25 frequencies. 
The GeoGauge weighs approximately 10 kg (22 lb), is 28 cm (11 in.) in diameter and 25.4 cm 
(10 in.) tall, and rests on the ground surface via a ring-shaped aluminum foot, as shown in Figure 
2.8. The annular foot has an outside diameter of 144 mm (4.50 in.), an inside diameter of 89 mm 
(3.50 in.), and annular ring thickness of 13 mm (0.5 in.). The foot rests directly on the ground 
surface without penetrating it and supports the weight of the GeoGauge via rubber isolators. 
Attached to the foot is the electromechanical shaker that vibrates the foot in the vertical direction. 
Velocity sensors are attached to the shaker and footing to measure the force and displacement of 
the foot at each harmonic frequency, from which an equivalent homogeneous half-space material 
stiffness is computed.  
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Figure 2.8. Humboldt GeoGauge (Humboldt Manufacturing) 
When the shaker vibrates, a force (F) is applied and the material deflects a certain amount (δ). 
The shaker generates a force of approximately 9 N (2 lb). The magnitude of the vertical 
displacement induced at the soil-ring interface is typically less than 1.27×10
-6 
m (0.00005 in.), 
measured using velocity sensors (Alshibli et al. 2005). The deflection is proportional to the 
outside radius of the ring foot (R), the Young’s modulus (E), and Poisson’s ratio (ν) of the 
material being tested. The stiffness is the ratio of the force to displacement: 
𝐾 = 𝐹/𝛿 (1.2) 
The static stiffness, K, of a rigid annular ring on a linear-elastic, homogeneous, and isotropic 
half-space has the following functional form (Egorov 1965): 
𝐾 =  
𝐸𝑅
(1−𝑣2)𝜔(𝑛)
 (1.3) 
where ω(n) is a function of the ratio of the inside to outside diameter of the annular ring. For the 
ring geometry of the GeoGauge, the parameter ω(n) is equal to 0.565. Therefore, the static 
stiffness of the GeoGauge has the following function form: 
𝐾 =
1.77𝐸𝑅
(1−𝑣2)
  (1.4) 
These equations assume that the underlying soil is linear elastic, homogeneous, and isotropic. 
Although these assumptions are frequently invoked in soil mechanics and pavement design, they 
do not accurately reflect the layered nature of pavement and soil profiles. Therefore, any 
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computation of such an “equivalent homogeneous” elastic modulus from the GeoGauge 
measured stiffness must be carefully evaluated in view of the foregoing assumptions (Lenke et al. 
2003). 
The equations above are programmed internally in the GeoGauge, which outputs the stiffness on 
the screen. However, this value is actually an average of the measured stiffness at 25 frequencies; 
in the field it is not possible to examine the variation of the data with frequency. After each use, 
however, the internal data at each frequency can be downloaded to a computer using infrared-to-
serial cable and serial-to-usb adapter, as shown in Figure 2.9.  
 
Figure 2.9. GeoGauge connected to a computer for transfer of data. 
Many states across the county are beginning to examine stiffness and its use in quality control of 
subgrade/base layers of roads. Use of the Humboldt GeoGauge for measuring the stiffness of 
subgrade and base layers as a new nondestructive QC/QA tool has been increasing. In previous 
studies, typical stiffness values of subgrade/base layers under Portland cement concrete (PCC) 
pavements in Iowa measured using the GeoGauge were between 2 and 8 MN/m, except for some 
sections containing fly ash and special granular materials, which had stiffnesses up to 15 MN/m 
(White and Harrington 2005). Mohammad et al. (2003) measured stiffness of crushed limestone 
and foamed asphalt bases in Louisiana for continuously reinforced concrete (CRC) pavements 
and obtained average stiffnesses of 18.0 MN/m and 22.8 MN/m, respectively. Chen et al. (2000) 
measured the stiffness of different base materials throughout Texas and developed a quality 
criterion based on the GeoGauge stiffness (Table 2.1). It was reported that the quality of the base 
correlated better with its stiffness than its density. Also reported was a poor correlation between 
density and stiffness measurements.  
Table 2.1. Base quality designation in terms of GeoGauge stiffness (Chen et al. 2000) 
Base Quality 
Stiffness  
(MPa) 
Stiffness  
(MN/m) 
Weak <87 <10 
Good 156–208 18–24 
Excellent >260 >30 
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Lee et al. (2011) used the GeoGauge to measure the stiffness of a cold-in-place recycling (CIP) 
layer and reported that the stiffness steadily increased over the curing time despite the occurrence 
of rainfall. The stiffness of the CIP layer did not decrease immediately after rainfall, but did 
decrease one or two days after rainfall. After the decrease, the stiffness increased gradually over 
time. Despite the occurrence of continuous rainfall, the stiffness remained above the initial 
stiffness value measured immediately after construction. Overall, the stiffness of the CIP layer 
increased over time, with all test sections reaching 20 MN/m before an overlay, with one section 
reaching 30 MN/m. The stiffness of this CIP layer increased from about 24 MN/m to 30 MN/m 
in the first three days after construction, then remained constant for 30 days before application of 
an overlay. The stiffness exhibited a daily fluctuation during the curing period. In some cases, 
the in situ stiffness remained constant, and in other cases it steadily increased during the curing 
period before an overlay, despite some rainfall. The initial stiffness of one CIP section 
immediately after construction, during a late season when pavement temperature was relatively 
low, was relatively high at about 25 MN/m, but it did not increase throughout the curing period. 
After the stiffness was measured with the GeoGauge, the density was then measured by a nuclear 
gauge at five times during the curing period (Lee et al. 2011). Figure 2.10 shows the resulting 
low correlation between the nuclear gauge density and GeoGauge stiffness.  
 
Figure 2.10. Low correlation between nuclear gauge density and GeoGauge stiffness 
measurements from study by Lee et al. (2011). 
The GeoGauge was originally designed for measuring the stiffness of subgrade and base layers. 
While the Humboldt Manufacturing Company claims that the GeoGauge may be applicable for 
monitoring the compaction of asphalt to prevent over-compaction, use of the GeoGauge to 
measure stiffness of asphalt pavements has yet to be demonstrated. The feasibility of using the 
GeoGauge for this purpose is examined in this report. 
The main objective of using the GeoGauge in this study is to explore the possibility of using the 
device as part of the QC/QA process for new asphalt pavement construction. First, stiffness, 
temperature, and field density (using the PT device) were measured for the selected new asphalt 
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pavement sections. Through analysis of data from several sites with different pavement types, 
along with other in situ and laboratory testing methods, the feasibility of using GeoGauge 
stiffness measurements for QC/QA of asphalt pavements was assessed.  
2.4 Laboratory Testing Technologies 
Various laboratory testing techniques have been developed to measure resilient and dynamic 
moduli of asphalt specimens. Resilient modulus has been widely used in the past (e.g., Celaya et 
al. 2006, Bai 2004); however, dynamic modulus is a better mechanical parameter for 
characterizing the actual behavior of asphalt concrete and is adopted for design in the MEPDG 
(Bai 2004). Dynamic modulus has four advantages over resilient modulus (Bai 2004): (1) the 
shear modulus G* that can be calculated from dynamic modulus E* and Poisson’s ratio is 
adopted by the new asphalt binder specifications, thus relationships between the shear moduli of 
asphalt binder and mixes can be developed; (2) creep compliance and stress relaxation can be 
estimated from dynamic modulus (Pagen 1963); (3) permanent deformation and low-temperature 
cracking can be modeled using dynamic modulus; and (4) dynamic modulus tests exhibit less 
variation than resilient modulus tests. 
Aimed at capturing the viscoelastic behavior of asphalt mixtures, both axial and indirect tension 
(IDT) testing methods have been developed to measure dynamic moduli over a range of 
temperatures and loading frequencies (e.g., Dougan et al. 2003, Kim et al. 2004). The measured 
moduli are then combined to construct a master curve representing properties of the asphalt 
mixture material at a reference temperature and over a range of loading frequencies. The axial 
method requires 6 in. high specimens, which precludes testing field cores from asphalt pavement 
courses or overlays that do not meet this thickness. Therefore, axial dynamic modulus specimens 
must typically be compacted in the laboratory using mixes from the field, whereas IDT dynamic 
modulus tests can be performed on cores of field-compacted mixes having a diameter of 4 or 
6 in. and a height of only 1.5 or 2 in. Compared to field-cored specimens of as-built pavements, 
laboratory-compacted specimens will possess different asphalt structures and therefore different 
moduli, which are typically greater than the field values (Bai 2004). Because of these 
advantages, the IDT dynamic modulus testing method was used on 101.6 mm (4 in.) and 
152.4 mm (6 in.) diameter field cores for this study. 
The IDT test equipment used in this study is shown in Figure 2.11.  
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a)  b)  c)  
 d)  e)  
Figure 2.11. Indirect tension test setup: (a) full view, (b) 4 in. core with two LVDTs on each 
side in the chamber, (c) horizontal and vertical LVDTs mounted on one side of a 4 in. core, 
(d) custom-built alignment jig for installation of LVDT targets, (e) bottom plate of jig with 
four LVDT targets. 
Test procedures were performed in accordance with the proposed AASHTO standard (AASHTO 
2014). The testing system was retuned for specimens from each project in order to minimize 
loading error and be able to reach target strain ranges recommended by the proposed AASHTO 
standard. The modulus can be calculated by 
* 0 2 1 1 2
2 2
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

 (1.5) 
where P0 is the amplitude of the centered sinusoidal load, U is the amplitude of the corrected and 
centered horizontal displacement, V is the amplitude of the corrected and centered vertical 
displacement, a is the loading strip width, d is the specimen thickness, and β1, β2, γ1, and γ2 are 
coefficients given in Table 2.2, which depend on the specimen geometry and linear variable 
differential transformer (LVDT) gauge length. 
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Table 2.2. Coefficients for dynamic modulus calculation 
Specimen  
Diameter 
d (mm) 
Loading  
Strip 
a (mm) 
Gauge  
Length 
(mm) β1 β2 γ1 γ2 
101.6 12.3 65 0.0296 -0.0075 0.0050 0.0174 
152.4 18.54 65 0.0262 -0.0078 0.0063 0.0206 
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CHAPTER 3 – NONDESTRUCTIVE TESTING OF ASPHALT PAVEMENTS 
This chapter presents nondestructive testing of five newly constructed asphalt pavement projects 
in Iowa. The five projects include hot-mix asphalt (HMA) and warm-mix asphalt (WMA) 
pavements at the Central Iowa Expo in Boone; HMA pavements on US 69; HMA pavements on 
US 169; three sections of IA 93 featuring thin overlay (OL), cold-in-place (CIP) recycling, and 
full-depth reclamation (FDR); and HMA and WMA pavements on US 6. Detailed information on 
the pavement sections and tests is presented in the following sections. 
3.1 Asphalt Test Sections 
Five representative asphalt paving projects were selected to cover a range of pavement types 
including high-volume versus low-volume, HMA versus WMA, and newly-constructed versus 
resurfacing projects. Details of each paving project and designations for the testing locations and 
cores are given in Table 3.1.  
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Table 3.1. Description of paving projects in this study 
Project/ 
Pavement Type 
# of 
Testing 
Locations Location (core) Designators 
1. Boone HMA base 19 HB1-1, HB1-3, HB1-5, HB1-7, HB2-1, HB2-2, 
HB2-5, HB2-7, HB5-1, HB5-3, HB5-6, HB5-7, 
HB6-3, HB6-4, HB6-5, HB6-7, HB7-2, HB7-4, 
HB7-7 
2. Boone WMA base 16 WB3-2, WB3-4, WB3-5, WB3-7, WB4-1, WB4-2, 
WB4-3, WB4-7, WB8-4, WB8-5, WB8-7, WB8-8, 
WB9-2, WB9-3, WB9-6, WB9-7 
3. Boone HMA surface 7 HS1-1, HS1-2, HS1-3, HS1-4, HS2-1, HS2-2, 
HS2-3 
4. Boone WMA surface 9 WS3-1, WS3-2, WS3-3, WS3-4, WS4-1, WS4-2, 
WS4-3, WS4-4, WS4-5 
5. US 69 HMA 9 US 69-1, US 69-2, US 69-3, US 69-4, US 69-5,  
US 69-6, US 69-7, US 69-8, US 69-9 
6. US 169 HMA 6 US 169-1, US 169-2, US 169-3, US 169-4,  
US 169-5, US 169-6 
7. IA 93 FDR 2 IA 93 FDR-1, IA 93 FDR-2 
8. IA 93 CIP 2 IA 93 CIP-1, IA 93 CIP-2 
9. IA 93 OL 2 IA 93 OL-1, IA 93 OL-2 
10. US 6 HMA 6 US 6 H20-2, US 6 H20-3, US 6 H25-1,  
US 6 H25-2, US 6 H30-2, US 6 H30-3 
11. US 6 WMA 4 US 6 W15-1, US 6 W15-2, US 6 W30-2,  
US 6 W30-3 
 
For each project site, at least six testing locations were randomly selected in the paving lane 
(Figure 3.1).  
19 
 
Figure 3.1 Schematic of six randomly selected NDT testing locations per project site 
Surface-wave testing was carried out along straight lines parallel to the paving direction and 
centered on the testing locations. Immediately before or after the surface-wave tests, the in situ 
density and stiffness were measured at the testing locations using the PT and GeoGauge, 
respectively. For each testing location, five PT readings were recorded with the device rotated 90° 
between readings (the first and fifth readings had the same orientation), and the values were 
averaged. Similarly, three GeoGauge readings were recorded with the device rotated 120° 
between readings. To provide uniform contact and fill any gaps under the GeoGauge foot, a thin 
layer (approximately 1/4 in.) of fine, moist sand was first spread on the pavement surface as 
recommended in the device manual, then the GeoGauge was placed on the sand and gently 
rotated slightly about its vertical axis. Photos of the various field and NDT testing procedures are 
shown in Figure 3.2. 
Paving  
lane 
Surface-wave testing lines 
Locations for PaveTracker, 
GeoGauge, and cores 
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a)  b)  
c)  d)  
e)  f)  
Figure 3.2. (a) Pavement construction at Central Iowa Expo site, (b) MSOR surface-wave 
testing at Central Iowa Expo site, (c) MASW surface wave testing on US 6, (d) GeoGauge 
testing on IA 93, (e) MSOR surface-wave testing on US 69, (f) coring on US 69 
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g)  h)  
Figure 3.2 (continued). (g) FDR section on IA 93, (h) PaveTracker testing on IA 93 
Field temperatures at each test location were recorded by inserting a thermocouple probe into 
holes created by pushing a screwdriver into newly placed hot asphalt pavements, or by holding 
the probe against the surface of cured asphalt pavements. “Hot” tests were performed up to a few 
hours after paving, and “cold” tests were performed after cooling the pavement surface with dry 
ice. Additional ambient-temperature tests were performed on selected projects one or more days 
after paving.  
3.2 Surface-Wave Testing Results 
The surface wave testing equipment and DAQ program developed in this study were first used 
for MSOR testing at the Central Iowa Expo site in Boone County. Several different types of 
pavements, base courses, and stabilization technologies were constructed at this site for the Iowa 
DOT research project “Boone County Expo Research Phase I—Granular Road Compaction and 
Stabilization.” The MSOR testing was carried out for 19 HMA and 16 WMA locations on the 
base courses, and 7 HMA and 9 WMA locations on the surface courses, as detailed in Table 3.1. 
For the first eight testing locations, MSOR data were recorded using impact stations spaced from 
0.1 to 2.4 m from the receiver in 0.1 m increments. After examining the data for the first eight 
locations, the testing spread was subsequently decreased to 0.05 to 1.2 m with smaller 0.05 m 
increments, to obtain better resolution for the asphalt layer, which is of interest for this study.  
3.2.1 Boone HMA and WMA Tests on Base and Surface Courses 
The field data and corresponding experimental dispersion trends of hot and ambient-temperature 
surface-wave tests for Boone HMA base course location HB1-1 are shown in Figure 3.3. Data 
for all other Boone base and surface courses are detailed in Figures A.1 to A.8 in Appendix A. 
The experimental dispersion images were obtained by the MASW phase-velocity scanning 
method of Park et al. (1999) with enhancements by Lin (2014). The experimental dispersion 
image is a color map for which the maximum amplitude at each frequency gives the surface-
wave phase velocity at that frequency. The peaks are “picked” algorithmically to give an 
experimental dispersion curve, which can then be used in the inversion procedure to determine 
the material properties (modulus and thickness) of the pavement-system layers.  
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a)  b)  
c)  d)  
Figure 3.3. MSOR surface-wave test results for Boone HMA base course location HB1-1: 
(a) normalized time-domain data for hot test, (b) experimental dispersion image for hot 
test, (c) normalized time-domain data for ambient-temperature test, (d) experimental 
dispersion image for ambient-temperature test 
The experimental dispersion trends from all hot and ambient-temperature tests performed at the 
Boone site are compared in Figure 3.4.  
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a)  b)  
c)  d)  
e)  f)  
g)  h)  
Figure 3.4. Dispersion trends of Boone HMA base courses: (a) several hours after paving, 
(b) several days after paving; Boone WMA bases: (c) several hours after paving, (d) one 
day after paving, Boone HMA surface: (e) several hours after paving, (f) one day after 
paving; Boone WMA surface: (g) several hours after paving, (h) several days after paving 
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The left column of the figure shows four groups of dispersion trends from the hot tests at 19 
HMA base course locations (Figure 3.4a), 16 WMA base course locations (Figure 3.4c), 7 HMA 
surface course locations (Figure 3.4e), and 9 WMA surface course locations (Figure 3.4g). The 
right column shows the corresponding results from the ambient-temperature tests, performed one 
or more days after construction.  
It can be seen in Figure 3.4a and b that the maximum measureable frequency and phase velocity 
in the dispersion curves of the HMA base courses increased from 400 Hz and 200 m/s in the hot 
tests to 5,000 Hz and 1,200 m/s in the ambient-temperature test, as the average testing 
temperature decreased from 73.4°C to 28.7°C (Table A.14 in Appendix A). This phenomenon is 
a result of (1) the curing and associated hardening of the viscoelastic asphalt mixture, causing its 
stiffness to increase and damping to decrease, and (2) to a lesser extent, the dependence of the 
asphalt mixture’s modulus on temperature. Similar trends can be seen for the WMA base course 
as the average temperature decreases from 61.8 to 33.4°C (Figure 3.4c and d, Table A.15). The 
differences for the HMA and WMA surface courses were not as considerable as those of the base 
courses (Figure 3.4e to h) because these tests had smaller temperature decreases, from 46.1°C to 
45.2°C for HMA and 52.5°C to 49.1°C for WMA (Tables A.16 and A.17). From these 
temperatures, it is evident that more time had elapsed between paving and testing for the hot 
surface courses compared to the hot base courses. 
The Genetic and Simulated Annealing (GSA) inversion program (Lin 2014) was used to back-
calculate the shear-wave velocities of the pavement profile using assumed layer thicknesses from 
the design plans and an assumed Poisson’s ratio of 0.3. Six testing locations from the Boone 
HMA base courses were randomly selected and their experimental dispersion curves were input 
into the inversion program. The program searches over randomly perturbed layered profile 
parameters (within specified ranges) and performs a nonlinear optimization to match theoretical 
dispersion curves to the experimental dispersion curves. The output is the final inverted shear-
wave velocity profile whose theoretical dispersion curve best fits the experimental one. The 
solution is nonunique, however, because the Monte-Carlo-based GSA program will result in 
different final inverted profiles that are close to the true profile.  
For selected Boone tests on ambient-temperature base courses, the target experimental dispersion 
curves and theoretical dispersion curves of the final inverted profiles are shown in Figures A.9 
and A.10 of Appendix A. The shear-wave velocities (Vs1) of the first layers, which correspond to 
the asphalt pavement layer, are given in Table 3.2 and Table 3.3. Also reported in these tables 
are the corresponding Young’s moduli and test temperatures. The HMA tests had an average 
temperature of 28.4°C and an average modulus of 10,053 MPa, whereas the WMA tests had a 
higher average temperature of 33.2°C and lower average modulus of 9,428 MPa. 
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Table 3.2. Inversion results for ambient-temperature Boone HMA base courses 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
HB1-1 24.7 1,412 11,877 
HB1-7 26.4 1,381 11,461 
HB2-1 31.8 1,237 9,156 
HB5-1 30.1 1,310 10,342 
HB6-3 29.4 1,100 7,265 
HB7-4 27.7 1,307 10,218 
Average 28.4 1,291 10,053 
Coefficient of  
variation (COV) 
9.1% 8.7% 16.6% 
 
Table 3.3. Inversion results for ambient-temperature Boone WMA base courses 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
WB3-2 25.9 1,441 12,339 
WB3-5 28.9 1,454 12,500 
WB4-1 27.7 1,435 12,362 
WB8-4 38.9 903 4,883 
WB8-8 35.5 1,301 10,346 
WB9-2 42.1 833 3,898 
Average 33.2 1,228 9,428 
COV 20.0% 23.2% 41.3% 
 
3.2.2 US 69 HMA Tests 
Multichannel simulation with one receiver surface-wave tests were carried out at nine testing 
locations on the HMA surface course after resurfacing of US 69. To improve measurement of the 
high-frequency components, the testing spread was decreased to the range 0.030.72 m, with 
0.03 m increments. Data from all tests performed on US 69 are detailed in Figures A.11 and 
A.12 of Appendix A. Field data and corresponding dispersion trends at location US 69-9 are 
shown in Figure 3.5 for a hot test and a cold test after applying dry ice.  
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a)  b)  
c)  d)  
Figure 3.5. MSOR surface-wave test results at location US 69-9: (a) normalized time-
domain data for hot test, (b) experimental dispersion trend for hot test, (c) normalized 
time-domain data for cold test, (d) experimental dispersion trend for cold test 
Although the cold test shows a more regular dispersion trend similar to the A0 mode in Figure 
2.6, it is measured up to only 5.5 kHz, which in this particular case is less than the maximum 
frequency of nearly 7 kHz obtained in the hot test. However, upon comparing all hot and cold 
tests, the scatter decreased and the maximum measurable frequency increased from about 5 kHz 
in the hot tests to about 7 kHz in the cold tests (Figure 3.6), as average testing temperature 
decreased from 60.5°C to 17.9°C (see Tables A.5 and A.6 in Appendix A).  
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a)  b)  
Figure 3.6. Dispersion trends for US 69 HMA surface course: (a) four hot tests at locations 
1–3 and 9, (b) six cold tests at locations 4–9 several hours after paving and using dry ice 
In these tests, the variation of phase velocity was more complex than in typical tests, because of 
the existing underlying asphalt pavement and PCC layers. The phase velocity and stiffness of 
these underlying layers were much higher than the newly paved HMA surface in the hot tests, 
which may be the main reason for the high phase velocities between 2 and 5 kHz in Figure 3.6a. 
After cooling the newly paved HMA layer using dry ice, it became stiffer and the associated 
dispersion data in Figure 3.6b appeared more regular. The low-velocity data points below 
500 m/s are considered to be noise due to physical sources, measurement error, and the MASW 
phase-velocity scanning algorithm. 
The GSA inversion program was employed to back-calculate the pavement profile in terms of 
shear-wave velocity with known thicknesses and an assumed Poisson’s ratio of 0.3. Six 
experimental dispersion curves from the cold tests were selected for inversion, and their 
corresponding cores were taken for laboratory measurements of density and dynamic modulus. 
The inverted theoretical dispersion curves are compared against their experimental counterparts 
in Figure A.13 of Appendix A. The shear-wave velocity of the inverted first asphalt layer (Vs1) is 
listed in Table 3.4, along with the test temperature and Young’s modulus. The cold HMA tests 
had an average temperature of 17.9°C and an average modulus of 7,581 MPa. 
Table 3.4. Inversion results for cold tests on US 69 surface course 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
US 69-4 16 1,056 6,664 
US 69-5 18.5 1,055 6,628 
US 69-6 16.8 1,122 7,457 
US 69-7 18 1,246 9,241 
US 69-8 19.3 958 5,483 
US 69-9 18.5 1,298 10,013 
Average 17.9 1,123 7,581 
COV 6.9% 11.4% 22.7% 
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3.2.3 US 169 HMA Tests 
Multichannel simulation with one receiver surface-wave testing was carried out at six locations 
on the US 169 HMA surface course. Two different types of tests were performed: (1) cold tests 
after application of dry ice several hours after paving, and (2) ambient-temperature tests four 
days after paving. Tests on hot asphalt shortly after paving were not performed because of their 
limited usefulness as demonstrated in the previous two sections. The testing spread was 
0.030.72 m in 0.03 m increments. Field data and corresponding dispersion trends for the cold 
and ambient-temperature tests at location US 169-4 are shown in Figure 3.7. The maximum 
useful frequency increased from about 7 kHz in the cold test (Figure 3.7b) to approximately 
10 kHz in the ambient test (Figure 3.7d), and the stiffness also increased during the 4-day span, 
as evidenced by higher phase-velocities in Figure 3.7d. 
a)  b)  
c)  d)  
Figure 3.7. MSOR surface-wave test results for location US 169-4: (a) normalized time-
domain data for cold test after dry ice, (b) experimental dispersion trend for cold test after 
dry ice, (c) normalized time-domain data for ambient-temperature test four days after 
paving, (d) experimental dispersion trend for ambient-temperature test four days after 
paving 
Data from all other surface-wave tests on US 169 are detailed in Figures A.14 and A.15 of 
Appendix A. Comparison of the dispersion trends between the cold and ambient-temperature 
tests is presented in Figure 3.8. Because superposition of dispersion images like those of 
Figure 3.7b would not result in a clear picture because of the different frequency and velocity 
ranges of different tests, the maximum points from the dispersion images were instead picked to 
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obtain the dispersion curves, which were then plotted together to give Figure 3.8. This way of 
visualizing the data from all tests makes the dispersion trends more difficult to see compared to 
the clear trends in the dispersion images of individual tests such as those in Figure 3.7 or the 
clear trends in the picked dispersion curves (see Figure A.10 for examples). By referring back to 
the individual dispersion images in Figures A.14 and A.15, however, one can identify the noise 
from the primary dispersion trends in Figure 3.8, which are approximated by the red dashed 
lines.  
a)  b)  
Figure 3.8. Dispersion trends for US 169 HMA surface course tests: (a) cold tests several 
hours after paving and applying dry ice, (b) ambient-temperature tests four days after 
paving 
From these trends, the maximum measurable frequency of the dispersion data increased from 
about 7 kHz in the cold tests with dry ice to about 11 kHz in the ambient-temperature tests four 
days after paving, whereas the average testing temperature increased slightly from 26.6°C to 
29.2°C (Table 3.5).  
Table 3.5. Field temperatures of US 169 testing locations 
Location 
Temperature (°C)  
Several Hours  
After Paving and  
Applying Dry Ice 
Ambient  
Temperature  
(°C) Four Days  
After Paving 
US 169-1 20 27.4 
US 169-2 27.9 28.6 
US 169-3 33 28.6 
US 169-4 29.6 29.1 
US 169-5 23.5 30.6 
US 169-6 25.4 31.1 
Average 26.6 29.2 
 
Similar to the tests on US 69, the variation of phase velocity is complex because of the much 
stiffer PCC pavement underlying the newly paved HMA. This could be the main reason for the 
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spike in phase velocity near 2,500 Hz in Figure 3.8b for the ambient-temperature tests after four 
days. Above 2,500 Hz in Figure 3.8a, the phase velocities of four of the dispersion curves (from 
locations 2, 3, 5, and 6) also decrease significantly from around 1,700 m/s to 600 m/s. The 
decreased velocities are in a range close to those of the dispersion curves from locations 1 and 4, 
where the four dispersion curves from both cold and ambient-temperature conditions (see 
Figures A.14 and A.15) indicate a normal pavement structure having decreasing stiffness with 
depth.  
One possible reason for the exception at locations 1 and 4 is that the underlying layer might 
consist of patched asphalt pavements or PCC with severe cracking and thus behave much softer 
than the existing PCC and new asphalt layers. Above 2,500 Hz in Figure 3.8b, the phase 
velocities of all dispersion curves with the exception of location 4 have a decreasing velocity 
trend as frequency increases (see also Figure A.15). This indicates that although the asphalt 
pavement layer naturally cooled down after four days, causing the newly paved HMA layer to 
stiffen, it was still softer than the underlying PCC layer. To accurately measure the HMA layer’s 
velocity in this soft-stiff-soft pavement structure, a testing system with a much higher frequency 
capability is needed to detect high-frequency dispersion characteristics. One solution is to use an 
MASW rather than MSOR testing approach (Lin and Ashlock 2014), as was done for the US 6 
tests in this study. 
3.2.4 IA 93 FDR, CIP, and OL Tests 
Multichannel simulation with one receiver surface-wave tests were carried out at two surface 
course locations on each of three IA 93 sections with different pavement types. Chronologically, 
these were CIP, thin OL, and FDR sections. Multichannel simulation with one receiver data were 
recorded with receiver stations from 0.03 to 0.72 m in 0.03 m increments for the CIP and OL 
sections, and from 0.05 to 1.2 m in 0.05 m increments for the FDR section. Field data and 
corresponding dispersion trends of hot and cold surface wave tests at the IA 93 OL-1 location are 
shown in Figure 3.9. Data for all tests on IA 93 are detailed in Figures A.16 through A.20 of 
Appendix A.  
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a)  b)  
c)  d)  
Figure 3.9. MSOR surface-wave tests on IA 93-OL1: (a) normalized time-domain data for 
hot test, (b) experimental dispersion trend for hot test, (c) normalized time-domain data for 
cold test, (d) experimental dispersion trend for cold test 
Comparison of the dispersion trends from hot and cold tests is shown in Figure 3.10. The left 
column shows three groups of dispersion images from hot tests at two locations each on the CIP, 
OL, and FDR sections. The right column shows the corresponding results from cold tests 
performed at the CIP and OL locations. Cold tests could not be performed at the FDR section 
because of insufficient dry ice and safety concerns as testing stretched into the night.  
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a)  b)  
c)  d)  
e)   
Figure 3.10. Dispersion trends of IA 93 sections: CIP section (a) several hours after paving, 
(b) several hours after paving and using dry ice; OL section: (c) several hours after paving, 
(d) several hours after paving and using dry ice; FDR section: (e) several hours after 
paving 
Figure 3.10a and b show that the maximum useful frequency and phase velocity for the CIP 
section increased slightly in the cold tests, especially at location 2, as the average testing 
temperature decreased from 42.7°C to 18.2°C (see Tables A.8 and A.9 in Appendix A). For the 
OL section, the maximum phase velocity increases significantly from approximately 600 m/s to 
1,000 m/s with a temperature decrease from 44.9°C to 12.9°C as shown in Figure 3.10c and d, 
although the maximum useful frequency increases only slightly. Figure 3.10e shows dispersion 
curves from two FDR locations; location 1 has a noisy dispersion image (Figure A.16), whereas 
location 2 has a clear dispersion image up to about 2,100 Hz. The reclaimed pavement at this 
location was similar to a macadam or very well-packed and lightly cemented gravel road that 
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crumbled by hand or when cored (see Figure 3.2g). Because of the surface roughness and 
granular nature of this pavement, surface-wave testing would be better accomplished with a 
landstreamer of closely spaced geophones instead of small accelerometers. 
The GSA inversion program was employed to back-calculate the pavement profiles in terms of 
shear-wave velocity with known thickness and an assumed Poisson’s ratio of 0.3. The inverted 
theoretical dispersion curves are compared to the experimental dispersion curves in Figure A.21. 
The shear-wave velocity of the inverted first layer (Vs1) is listed in Table 3.6 along with the field 
temperature and Young’s modulus using the assumed Poisson’s ratio of 0.3. The OL section has 
the highest modulus of 9,615 MPa, whereas the CIP and FDR courses have similar average 
moduli of 1,134 MPa and 858 MPa, respectively. 
Table 3.6. Inversion results of dispersion curves from cold IA 93 tests 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
I93-CIP1 18.8 554 1,540 
I93-CIP2 17.5 385 727 
Average 18.2 469 1,134 
COV 5.1% 25.5% 50.7% 
I93-FDR1 33.8 488 1,229 
I93-FDR2 29.4 299 488 
Average 31.6 394 858 
COV 9.8% 33.9% 61.1% 
I93-OL1 13.5 1,409 10,718 
I93-OL2 12.3 1,190 8,512 
Average 12.9 1,299 9,615 
COV 6.6% 11.9% 16.2% 
 
3.2.5 US 6 HMA and WMA Tests 
To enhance measurement precision in the high-frequency regime, which gives information on 
the asphalt pavement surface layer, the equipment and DAQ program were extended to enable 
MASW testing using an array of 9 accelerometers on US 6. Multichannel analysis of surface 
waves tests were then performed at six HMA and four WMA testing locations on the surface 
course. Hot tests and ambient-temperature tests were performed several hours and several days 
after paving, respectively. Multichannel analysis of surface waves data were recorded with 
receiver stations from 0.5 to 0.45 m in 0.05 m increments.  
Field data and corresponding dispersion trends of hot and cold surface-wave tests at location 
US 6 W30-2 are shown in Figure 3.11. Data from all other field tests are detailed in Figures A.22 
to A.25 in Appendix A.  
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a) b)  
c) d)  
Figure 3.11. MASW surface-wave tests on US 6 W30-2: (a) normalized time-domain data 
for hot test, (b) experimental dispersion trend for hot test, (c) normalized time-domain data 
for ambient-temperature test, (d) experimental dispersion trend for ambient-temperature 
test 
Comparison of dispersion trends from all hot and cold tests is presented in Figure 3.12.  
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a)  b)  
c)  d)  
Figure 3.12. Dispersion trends of US 6 HMA surface course: (a) several hours after paving, 
(b) several days after paving; and US 6 WMA surface course: (c) several hours after 
paving, (d) several days after paving 
The comparison shows that the maximum useable frequency in the dispersion curves increases 
significantly from about 9 kHz in the hot test to about 25 kHz in the cold test, as the average 
testing temperature decreased from 43.4°C to 26.6°C (Tables A.10 and A.11) for the HMA 
section and from 44.0°C to 22.4°C (Tables A.12 and A.13) for the WMA section.  
More importantly, the tests on US 6 revealed that the MASW testing approach enabled 
measurement of dispersion data to significantly higher frequencies than the MSOR approach. 
This is due to several factors, including much less stringent requirements on impact repeatability 
and trigger accuracy in MASW testing, as discussed in Lin and Ashlock (2014). The tests are 
also much more consistent, as evidenced by a significantly lower coefficient of variation (COV) 
for shear-wave velocity and modulus of the asphalt layer relative to the MSOR tests detailed in 
the previous sections (Table 3.7 and Table 3.8). 
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Table 3.7. Inversion results for ambient-temperature tests on US 6 HMA surface course 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
US 6 H20-2 26.2 1,766 20,114 
US 6 H20-3 25.7 1,648 16,557 
US 6 H25-1 24.7 1,691 17,836 
US 6 H25-2 25.9 1,755 19,313 
US 6 H30-2 30.6 1,712 18,814 
US 6 H30-3 26.4 1,648 17,343 
Average 26.6 1,703 18,330 
COV 7.7% 3% 7.2% 
 
Table 3.8. Inversion results for ambient-temperature tests on US 6 WMA surface course 
Location 
Field  
Temperature  
(°C) 
Vs1  
(m/s) 
E1  
(MPa) 
US 6 W15-1 22.2 1,755 19,710 
US 6 W15-2 23.0 1,648 17,381 
US 6 W30-2 22.0 1,691 18,137 
US 6 W30-3 22.2 1,733 18,733 
Average 22.4 1,707 18,490 
COV 2.0% 2.8% 5.3% 
 
Similar to the other pavements with overlays, the variation of phase velocity is more complex 
than a typical profile with decreasing stiffness with depth because of the existing PCC pavement 
layer. The PCC layer is much stiffer than the newly paved HMA surface course, which is likely 
the main factor for the high phase velocities near a frequency of 2.5 kHz in Figure 3.12a and 
Figure 3.12b. Above 2.5 kHz in Figure 3.12a, the phase velocities from both HMA and WMA 
sections decrease significantly, consistent with a pavement structure having a softer HMA layer 
over a stiffer PCC layer. Above 5 kHz in Figure 3.12b, the phase velocities of dispersion curves 
first decrease and then level off above 10 kHz. This indicates that although the newly paved 
HMA surface course naturally cooled down and stiffened several days after paving, it remained 
softer than the underlying PCC layer.  
With its improved high-frequency measurement capabilities, the MASW testing system enabled 
the constant phase velocity of the quasi-Rayleigh waves in the first layer to be measured (see 
mode A0 in Figure 2.6). Therefore, the shear-wave velocity of the first layer, obtained by the 
inversion procedure in Table 3.7 and Table 3.8 can be obtained directly without the need for 
inversion, by simply multiplying the phase velocity of the dispersion curve’s constant high-
frequency asymptote by a factor related to Poisson’s ratio (see Lin 2014).  
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Hot mix asphalt normally has a higher modulus than WMA; however, the HMA tests in Table 
3.7 had a lower average modulus than the WMA tests in Table 3.8 because of a higher testing 
temperature. Therefore, a correction method is developed in Chapter 4 based on laboratory 
dynamic modulus measurements on the field cores to account for the effect of temperature on 
modulus. 
3.2.6 Comparison of Results from Different Pavement Types 
A comparison of the average moduli from in situ SWM testing on eight of the different pavement 
types with temperatures in the range of 12.9 to 33.2°C is shown in Figure 3.13.  
 
Figure 3.13. Comparison of average dynamic moduli from cold and ambient-temperature 
surface-wave tests on eight pavement types 
For all cases, the moduli were determined from the results of a multilayer inversion using the 
experimental dispersion curves, as discussed in the previous sections. The HMA and WMA 
pavements from US 6 have the highest moduli of approximately 18,000 MPa. The Boone Central 
Iowa Expo, IA 93-OL, and US 69 pavements have intermediate moduli that are approximately 
half of those from US 6. The IA 93-CIP and IA 93-FDR pavements have the lowest moduli, 
which are approximately 5 percent of those from US 6. A procedure to correct modulus based on 
measured master curves is introduced in the next chapter. It will be shown (in Table 4.4) that 
when all in situ moduli at different temperatures are corrected to a common reference 
temperature, the comparison of the corrected moduli from different sections is more convincing 
and reasonable.  
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3.3 GeoGauge Testing Results 
To evaluate the feasibility of using the Humboldt GeoGauge for measuring the stiffness of 
asphalt pavements, GeoGauge field tests were performed immediately before or after the surface 
wave tests at the project locations detailed in Table 3.1. To examine the effect of temperature on 
the stiffness measurements, GeoGauge tests were performed under hot, cold, and ambient-
temperature conditions. As described in Section 3.2, hot tests were performed on uncured asphalt 
within a few hours of paving, whereas cold tests were performed within a few minutes of the hot 
tests, after first cooling the pavement surface with dry ice. Ambient-temperature tests were 
performed one or more days after paving, by which time the pavement had cooled, partially 
cured, and stiffened. 
The GeoGauge manufacturer specifies a stiffness measurement range from 3 to 70 MN/m. The 
manufacturer advertises that the device can be used for stiffness measurement of subgrade, 
subbase, and base layers of pavement structures because the stiffness of such materials typically 
falls within the specified measurement range. The product brochure also claims that the device 
can be used for “monitoring the compaction of asphalt and cold in-place recycling to peak 
properties to prevent wasted effort and damaging over-compaction.” However, the GeoGauge 
might not be universally applicable to asphalt layers, as their stiffness may exceed 70 MN/m. To 
examine the usefulness of the GeoGauge for QC/QA of asphalt mixtures in this study, the field 
stiffness measurements on newly placed asphalt pavements will be assessed against the other 
NDT methods and laboratory measurements of core density and modulus. 
GeoGauge stiffness measurements from hot and cold/ambient tests on six of the project sections 
are plotted against their corresponding temperatures in Figure 3.14.  
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a)  b)  
c)  d)  
e)  f)  
Figure 3.14. GeoGauge stiffness measurements: (a) Boone HMA surface course, (b) Boone 
WMA surface course, (c) US 69 HMA section, (d) IA 93 CIP and OL sections, (e) US 6 
HMA section, and (f) US 6 WMA section 
All individual and average measured temperatures and stiffnesses are detailed in Tables A.1 
through A.13 of Appendix A. On US 169, only cold tests with dry ice were performed (Table 
A.7). 
Most of the measured values were within the specified stiffness range of the device, although the 
stiffnesses from US 69 and US 6 exceeded the maximum recommended value of 70 MN/m. This 
indicates that the stiffness of most pavements is within the measurement range of GeoGauge. 
Moreover, the stiffnesses generally decreased with increasing temperature, except for the case of 
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US 6, which featured high-volume HMA and WMA asphalt mixes containing steel slag. These 
results indicate that the GeoGauge may be capable of monitoring stiffness variations due to 
temperature for most asphalt types. 
The average stiffness values from the nine sections shown in Figure 3.14 are compared in 
Figure 3.15.  
a)  
b)  
Figure 3.15. Comparison of average GeoGauge stiffness from nine sections: (a) hot tests 
and (b) cold and ambient-temperature tests 
The hot measurements in Figure 3.15a show that (1) HMA and WMA from US 6 have the 
highest stiffnesses, (2) IA 93-OL, US 69, Boone Central Iowa Expo, and IA 93-CIP have 
intermediate stiffnesses, and (3) IA 93-FDR has the lowest stiffness. These relative GeoGauge 
stiffness rankings generally correlate well with the SWM modulus rankings from cold and 
ambient-temperature tests in Figure 3.13. However, the corresponding stiffness rankings for the 
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cold and ambient-temperature GeoGauge tests shown in Figure 3.15b do not agree with the 
SWM modulus rankings in Figure 3.13. 
3.4 PaveTracker Testing Results 
To evaluate the performance of the Troxler PT electromagnetic gauge relative to the SWM and 
GeoGauge NDT tests for QC/QA of asphalt pavements, field PT density measurements were 
taken immediately before or after the other two types of nondestructive tests at the project 
locations detailed in Table 3.1. For the Boone base and surface courses, hot tests were performed 
several hours after paving and ambient-temperature tests were performed the following day. For 
the US 69 and US 169 projects, hot tests were performed several hours after paving, then cold 
tests were performed after applying dry ice. By the time tests were performed on the US 6 
project, it was concluded that cold and ambient-temperature PT tests were of limited value. 
Therefore, only hot tests were performed on US 6. Data from all PT tests are detailed in Tables 
A.14 through A.22 of Appendix A. 
The measured densities from hot and ambient-temperature tests on the Boone asphalt layers are 
shown in parts (a) and (c) of Figure 3.16, including 19 HMA and 16 WMA base course locations 
and 7 HMA and 9 WMA surface course locations.  
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a)  b)  
c)  d)  
Figure 3.16. PT density measurements from Boone HMA and WMA: (a) base-course 
densities, (b) boxplot of base-course densities, (c) surface-course densities, (d) boxplot of 
surface-course densities 
Statistical boxplots of the base- and surface-course densities are shown in parts (b) and (d) of 
Figure 3.16. In the boxplots, the central red line is the median, the box edges are at the 25th and 
75th percentiles, the whiskers extend to most extreme data not considered by the algorithm to be 
outliers, and any outliers are shown as + marks. The boxplots in Figure 3.16b and Figure 3.16d 
indicate that the hot measurements on the first day have a slightly higher density but a much 
smaller standard deviation and, therefore, higher certainty than the next-day ambient 
measurements. A direct comparison and regression of the hot versus cold/ambient densities from 
all 51 locations demonstrates a poor correlation between the two (Figure 3.17).  
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Figure 3.17. Correlation between in situ PT densities measured on hot versus cold/ambient-
temperature asphalt pavements 
Since they exhibit a small variation, only the hot PT densities were measured on US 6 as 
discussed above. The average PT densities from all 11 pavement sections are shown in 
Figure 3.18. Compared to SWM and GeoGauge measurements, the PT densities show less 
variation with pavement type. The US 6 pavements have the highest densities, as expected, 
followed closely by IA 93-FDR, while all others have close densities within a range of four 
percent. 
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Figure 3.18. Comparison of average PT densities from 11 testing sections 
3.5 Chapter Summary 
The SWM, GeoGauge, and PT NDT technologies were used to quantitatively assess in situ 
measures of pavement quality across a variety of asphalt pavement types. Because of the strong 
dependence of asphalt modulus on temperature, all nondestructive tests were accompanied by 
pavement temperature measurements. Recognizing that the pavement properties (especially 
stiffness/modulus) will also evolve as a newly placed pavement cools and cures, tests were 
conducted on hot uncured pavements soon after paving, on cold pavements soon after paving and 
applying dry ice, and at ambient temperatures one or more days after paving. The shear-wave 
velocity measured by surface-wave methods was found to be most sensitive to pavement type 
and temperature, followed by the GeoGauge stiffness, and finally the PT density. In the next 
chapter, the in situ measured density and modulus will be further evaluated against more 
accurate laboratory measurements on field cores taken from the center of each testing location.  
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CHAPTER 4 – LABORATORY TESTING OF ASPHALT CORES 
This chapter presents laboratory measurement of densities and moduli of asphalt cores extracted 
from each testing location after completing the NDT measurements. The field cores were from a 
variety of asphalt pavements, including different courses (surface and base), a variety of 
materials (HMA, WMA, HMA and WMA with slag), and different construction types (new 
paving, resurfacing, OL, CIP, and FDR). Detailed information on the cores is presented in the 
following section. 
4.1 Asphalt Pavement Field Cores 
Laboratory density tests were performed on all cores listed in Table 3.1. Most surface cores had 
sufficiently smooth surfaces that did not require trimming prior to density tests, whereas most 
base cores had rough bottoms that were trimmed smooth before testing. A subset of these cores, 
detailed in Table 4.1, was also selected for dynamic modulus testing.  
Table 4.1. Cores selected for laboratory dynamic modulus tests 
Project/Pavement  
Type 
# Cores/ 
Diameter Location (core) Designators 
1. Boone HMA base 6/4 in. HB1-1, HB1-7, HB2-1, HB5-1,HB6-3, HB7-4 
2. Boone WMA base 6/4 in. WB3-2, WB3-5, WB4-1,  
WB8-4, WB8-8, WB9-2 
3. Boone HMA surface 0  
4. Boone WMA surface 0  
5. US 69 HMA 6/6 in. US 69-4, US 69-5, US 69-6,  
US 69-7, US 69-8, US 69-9 
6. US 169 HMA 6/6 in. US 169-1, US 169-2, US 169-3,  
US 169-4, US 169-5, US 169-6 
7. IA 93 FDR 2/6 in. IA 93 FDR-1, IA 93 FDR-2 
8. IA 93 CIP 2/6 in. IA 93 CIP-1, IA 93 CIP-2 
9. IA 93 OL 2/6 in. IA 93 OL-1, IA 93 OL-2 
10. US 6 HMA 6/4 in. US 6 H20-2, US 6 H20-3, US 6 H25-1,  
US 6 H25-2, US 6 H30-2, US 6 H30-3 
11. US 6 WMA 4/4 in. US 6 W15-1, US 6 W15-2, US 6 W30-2, US 6 W30-3 
 
For modulus tests on the Boone HMA and WMA base courses, six cores from each pavement 
type were randomly selected with the constraint that at least one core would be tested for each 
section. After completing the density tests, the cores selected for dynamic modulus testing were 
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trimmed to have a thickness of about 2 in. with parallel top and bottom surfaces. Photos of the 
cores selected for modulus testing are shown in Figure 4.1. 
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a)  b)  
c)  d)  
e)  f)  
Figure 4.1. Field cores selected for dynamic modulus testing: (a) Boone HMA, (b) Boone 
WMA, (c) US 6 HMA, (d) US 6 WMA, (e) US 69, (f) US 169 
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g)  h)  
Figure 4.1 (continued). Field cores selected for dynamic modulus testing: (g) IA 93-OL, 
(h) IA FDR and CIP 
4.2 Density Measurement by CoreLok and Saturated Surface Dry 
Both CoreLok and saturated surface dry (SSD) methods were employed to measure the density 
of 19 cores from the Boone HMA base courses, 16 cores from the Boone WMA base courses, 
and 9 HMA cores from US 69. Results from these tests are detailed in Tables B.1, B.2, and B.5 
of Appendix B. Boxplots of the CoreLok and SSD values, as well as direct comparisons and 
regressions between the two, are shown in Figure 4.2.  
In the boxplots, the central red line is the median, the box edges are at the 25th and 75th 
percentiles, the whiskers extend to most extreme data not considered by the algorithm to be 
outliers, and any outliers are shown as + marks. The results in Figure 4.2 demonstrate that the 
CoreLok and SSD methods provide density measurements that are in very good agreement. 
Specifically, the CoreLok and SSD data shown in parts (b), (d), and (f) of Figure 4.2 are highly 
correlated, with R
2
 ranging from 0.896 to 0.980. 
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a)  b)  
c)  d)  
e)  f)  
Figure 4.2. Comparison of SSD and CoreLok densities for 19 Boone HMA base course 
cores: (a) boxplot and (b) correlation; 16 Boone WMA base course cores: (c) boxplot and 
(d) correlation; 9 US 69 surface course cores: (e) boxplot and (f) correlation 
A statistical analysis of the density difference between CoreLok and SSD for the above 44 cores 
is shown in Figure 4.3. The average density difference is about 0.05%, and the maximum 
difference is less than 1%. Based on this excellent agreement, the CoreLok method alone was 
used for density measurement of all remaining field cores (Tables B3, B.4, and B.6B.9). 
CoreLok was selected over SSD because CoreLok could be used on loose core specimens that 
fell apart after field coring, particularly the FDR and CIP specimens from IA 93 shown in Figure 
4.1h.  
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Figure 4.3. Density difference between CoreLok and SSD densities 
A comparison of the average CoreLok densities of all 11 sections is shown in Figure 4.4.  
 
Figure 4.4. Comparison of average CoreLok densities from 11 sections 
This figure shows that US 6 HMA and WMA cores have the highest densities, whereas the 
Boone, US 169, and US 69 pavements all have similar densities that are about 94% of the 
average US 6 density. The IA 93-OL, IA 93-FDR, and IA 93-CIP cores have the lowest 
densities, which are approximately 90%, 83%, and 78% of the US 6 density, respectively. 
To assess the accuracy of the PT densities, the hot PT test values are compared to the CoreLok 
values in Table 4.2, and the project sites are ranked separately for PT and CoreLok in order of 
decreasing density.  
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Table 4.2. Rank of average densities from 11 sections by PT versus CoreLok tests 
 Field PT Density Tests Laboratory CoreLok Density Tests 
Rank 
Project/Pavement 
Type 
Avg. PT Hot 
Density 
(kg/m
3
) 
Project / Pavement Type 
(PT→CoreLok rank) 
Avg. CoreLok 
Density 
(kg/m
3
) 
1 US 6-HMA 2,639.0 US 6-WMA (2→1) 2,440.6 
2 US 6-WMA 2,596.3 US 6-HMA (1→2) 2,427.6 
3 IA 93-FDR 2,411.0 Boone-HMA base (8→3) 2,306.2 
4 US 69-HMA 2,295.3 Boone-WMA base (9→4) 2,293.8 
5 US 169-HMA 2,283.5 US 69-HMA (4→5) 2,283.0 
6 Boone-HMA surface 2,236.7 Boone-HMA surface (6→6) 2,280.0 
7 Boone-WMA surface 2,236.2 US 169-HMA (5→7) 2,276.2 
8 Boone-HMA base 2,222.6 Boone-WMA surface (7→8) 2,270.8 
9 Boone-WMA base 2,213.7 IA 93-OL (11→9) 2,194.5 
10 IA 93-CIP 2,208.5 IA 93-FDR (3→10) 2,037.0 
11 IA 93-OL 2,208.5 IA 93-CIP (10→11) 1,909.9 
 
The density of IA 93-FDR drops considerably from rank #3 in PT testing to #10 in CoreLok 
testing, whereas the densities of Boone HMA and WMA base cores jump from #8 and #9 in PT 
testing to #3 and #4 in CoreLok testing. Variations of the ranks of all the other densities are 
small: a decrease of only 1 rank for US 6-HMA, US 69-HMA, Boone-WMA surface, and IA 93-
CIP; a 2-rank decrease for US 169-HMA; 1-rank increase for US 6-WMA; 2-rank increase for 
IA 93-OL; and no change for Boone-HMA surface.  
The correlation of the average densities between PT hot testing and CoreLok testing is very 
small, with an R
2
 of 0.234 (Figure 4.5). 
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a) b)   
Figure 4.5. Correlation between in situ PT and laboratory CoreLok densities from 11 
sections: (a) all cores, (b) average densities for each project 
4.3 Dynamic Modulus by Indirect Tensile Test Method 
To assess the accuracy of the modulus values obtained from the in situ nondestructive surface-
wave tests, the dynamic moduli of the field cores identified in Table 4.1 were measured by the 
IDT test method (Kim 2002, AASHTO 2014). The IDT testing setup used in this study is shown 
in Figure 4.6.  
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Figure 4.6. IDT dynamic modulus testing setup used in this study 
4.3.1 Calibration Specimens 
To verify the accuracy of the IDT method compared to the traditional axial dynamic modulus 
test method (AASHTO 2011a), the moduli of seven cylindrical calibration specimens with 6 in. 
height and 4 in. diameter were first measured by the axial testing method (see Table 4.3 and 
Figure 4.7). Each specimen was then sliced into three 2 in. thick specimens for modulus 
measurement using the IDT method. Axial tests included nine frequencies (25, 20, 10, 5, 2, 1, 
0.5, 0.2, and 0.1 Hz) and three temperatures (4, 21, and 37°C). The IDT tests included six 
frequencies (25, 10, 5, 1, 0.5, 0.1 Hz) and three temperatures (4, 21, and 37°C). 
Table 4.3. CoreLok density and air voids of the seven calibration specimens 
Sample No. Density (kg/m
3
) Air Voids (%) 
1 2,229 7.2 
2 2,236 6.9 
3 2,236 6.9 
4 2,238 6.8 
5 2,241 6.7 
6 2,243 6.6 
7 2,243 6.6 
Avg. (COV) 2,238 (0.22%) 6.8 (3.1%) 
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Figure 4.7. Photos of the seven calibration specimens for axial vs. IDT dynamic modulus 
tests 
All dynamic modulus test results on the calibration specimens are detailed in Tables B.10 and 
B.11 of Appendix B. A very high correlation was found between the axial and IDT average 
moduli at the common testing frequencies and temperatures, as shown in Figure 4.8.  
 
Figure 4.8. Correlation of dynamic modulus between axial and IDT methods 
The master curves for the axial and IDT tests obtained using the AASHTO method (AASHTO 
2011b) are shown in Figure 4.9. The master curve for the IDT method has slightly smaller 
moduli than the curve for the axial method, and the modulus difference between two tests 
decreases as frequency increases. 
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Figure 4.9. Dynamic modulus master curves of seven calibration samples using axial and 
IDT methods 
4.3.2 Field Cores 
The moduli of field cores from seven of the pavement test sections were measured using the IDT 
procedure at six frequencies (25, 10, 5, 1, 0.5, 0.1 Hz) and three temperatures (4, 21, and 37 or 
32°C). The decreased temperature of 32°C was used for some samples that had permanent 
deformations above the limit recommended by the proposed standard (AASHTO 2014). Before 
performing IDT dynamic modulus tests on samples from each section, tuning was carried out to 
minimize the loading error and reach the target strain range recommended by the proposed 
standard.  
All experimental data from the seven sections are detailed in Tables B.12 to B.18 of Appendix B. 
The average moduli of the cores from each section were used to construct the master curves with 
a reference temperature of 21°C (Figure 4.10).  
The overall rank of the master curves in decreasing order of modulus is as follows: US 6-HMA, 
US 6-WMA, Boone HMA base, Boone WMA base, US 69, IA 93-OL, and US 169. Comparison 
between the rank of the dynamic modulus master curves in Figure 4.10 and the in situ moduli 
from SWM testing in Figure 3.13 demonstrates some differences: US 6 WMA and IA 93 OL 
have higher ranks in Figure 3.13 than in Figure 4.10 because the field temperature also played an 
important role in the ranks in Figure 3.13. Therefore, it is necessary to account for the effect of 
field temperature on the SWM in situ modulus if the SWM method is to be used for QC/QA of 
asphalt pavements. 
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a)  
b)  
Figure 4.10. Dynamic modulus master curves from field cores: (a) experimental master 
curves, (b) fitted master curves 
4.3.3 Field Modulus Correction Procedure 
A procedure is proposed herein to correct an in situ modulus measured at a given field 
temperature to a modulus at a reference temperature (e.g., 21°C) based on master curves from 
laboratory dynamic modulus testing. First, three master curves are obtained from laboratory 
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dynamic modulus tests performed at three reference temperatures. For example, the three master 
curves from US 69 cores tested at 4, 21, and 32°C are shown in Figure 4.11a. A master curve 
corresponding to the field-test temperature can then be interpolated based on the three measured 
master curves.  
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a)  
b)  
Figure 4.11. Interpolation of master curves at a reference temperature of 12.5°C: (a) four 
measured and four interpolated master curves, and (b) discrepancy between interpolated 
and measured master curves versus frequency 
Four methods were examined for interpolating the master curves to obtain the unknown master 
curve at the field-test temperature. These methods included linear interpolation of modulus (E), 
linear interpolation of log10(E), quadratic interpolation of log10(E), and quadratic interpolation 
of the master-curve fitting coefficients. To identify the most accurate interpolation method, an 
actual laboratory master curve at 12.5°C was measured to compare against the interpolated 
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curves for a field test on US 69 having a temperature of 12.5°C (Figure 4.11a). The discrepancy 
between the measured and interpolated master curves, shown in Figure 4.11b, indicates that the 
linear interpolation of log10(E) results in the best agreement over the entire frequency range. 
Therefore, a linear interpolation of log10(E) can be employed to interpolate between three 
measured master curves at three reference temperatures to obtain a master curve at a given field 
temperature.  
The interpolated field-temperature master curve can then be used to find the reduced frequency 
of the in situ measured modulus, as illustrated in Figure 4.12.  
 
Figure 4.12. Procedure for correcting an in situ modulus at a measured field temperature 
TF to a corrected modulus at a desired reference temperature T2 
Finally, the corrected modulus at the reduced frequency can be found for any of the three master 
curves at the three reference temperatures. Using this procedure, the in situ moduli measured 
under various field temperatures can all be corrected to a common master curve for a selected 
reference temperature. This procedure enables more meaningful comparisons between in situ 
moduli and those from different field test sites or laboratory tests. This procedure was employed 
to correct the in situ moduli from seven field pavement sections to the moduli at a common 
reference temperature of 21°C. The results are shown in Figure 4.13 and Table 4.4. After 
correcting the field moduli to the common reference temperature, the rank of the corrected field 
moduli in Table 4.4 agrees with that of the laboratory dynamic modulus master curves in Figure 
4.10.  
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 a)  
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d)  
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e)  
 f)  
Figure 4.13. Correction of in situ moduli to a reference temperature of 21°C: (a) Boone 
HMA base, (b) Boone WMA base, (c) US 6 HMA, (d) US 6 WMA, (e) US 69, (f) IA 93 OL 
Table 4.4. Ranking of field moduli and corrected field moduli 
Rank 
Project/ 
Pavement Type 
Avg. 
Field 
Temp. 
(°C) 
Avg. 
Field 
Modulus 
(MPa) 
Project/Pavement  
Type (rank) 
Corrected 
Field 
Modulus 
(MPa) 
1 US 6 WMA 22.4 18,490 US 6 HMA (2→1) 20,229 
2 US 6 HMA 26.6 18,330 US 6 WMA (1→2) 18,586 
3 Boone HMA base 28.4 10,053 Boone HMA Base 
(3→3) 
15,087 
4 IA 93 OL 12.9 9,615 Boone WMA Base 
(5→4) 
14,013 
5 Boone WMA 
base 
33.2 9,428 US 69 (6→5) 6,269 
6 US 69 17.9 7,581 IA 93 OL (4→6) 6,078 
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4.4 Chapter Summary 
The density and modulus of field cores were measured in laboratory tests and compared against 
the in situ measurements. A low correlation was found between the laboratory density and the in 
situ PT density. A high correlation was found between the dynamic modulus measured using the 
axial and IDT test methods. A procedure was developed, based on laboratory dynamic modulus 
master curves, to correct the field moduli measured at various temperatures to the moduli at a 
common reference temperature. Upon correcting the field moduli to a common reference 
temperature of 21°C, the resulting rank of the corrected moduli showed an excellent agreement 
with the rank of the master curves. 
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CHAPTER 5 – QUALITY CONTROL AND QUALITY ASSURANCE ANALYSES 
This chapter presents a procedure for quality control and quality assurance of asphalt pavements 
based on quantitative mechanics properties (modulus and stiffness) from rapid in situ NDT 
measurements. The in situ modulus primarily depends on shear-wave velocity, which can be 
measured by surface-wave testing equipment, and density, which can be measured by 
electromagnetic gauges such as the PT. A master curve database is needed to correct the in situ 
moduli measured at various field temperatures to the moduli at a common reference temperature, 
which can then be used for quality control. The dimensionless ratio of achieved field modulus 
over design modulus can be used for quality assurance. An alternative quality control method 
using GeoGauge stiffness measured on hot asphalt pavements is also presented in this chapter. 
5.1 Primary Factors Affecting Quality 
Density has been widely employed as a quantitative scale of quality, measured either in situ by 
field equipment (e.g., Larsen and Henault 2006, Williams 2008, Mason and Williams 2009, 
Williams et al. 2013) or on cores in the laboratory by SSD or CoreLok methods (e.g., Williams 
2001, Buchanan and White 2005, Williams et al. 2013). Pavement quality is assumed to increase 
as density increases (or air void decreases). However, as discussed in Chapter 3, the density is 
not very sensitive for distinguishing quality differences among different pavement types. 
Moreover, the density does not capture the temperature dependence of asphalt pavement 
mechanistic properties such as modulus.  
In contrast, shear-wave velocity is very sensitive to pavement type and variations in temperature. 
Therefore modulus, which is a combination of density and shear-wave velocity, i.e., 
22(1 ) sE V     (5.1) 
is a sensitive and objective quality measurement. In Equation 5.1, ρ is density, Vs is shear-wave 
velocity, and  is Poisson’s ratio. Moreover, modulus is directly used to estimate the fatigue 
damage of asphalt layers (Ayres and Witczak 1998) due to the tensile strain at the bottom of the 
layers (Finn et al. 1977). 
5.2 Correlation between Density and Shear-wave Velocity 
The field and laboratory data from Chapters 3 and 4 are used in this section to study the main 
factors affecting an accurate estimation of asphalt pavement modulus. The correlation between 
shear-wave velocity and in situ PT density is very low, with an R
2
 of 0.233 (Figure 5.1a), 
whereas the correlation between shear-wave velocity and laboratory CoreLok density is very 
high, with an R
2
 of 0.889 (Figure 5.1b).  
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a)  
b)  
Figure 5.1 Correlation between in situ shear-wave velocity and density: (a) PT density and 
(b) CoreLok density 
If the CoreLok density is believed to be objective and accurate, then the low correlation between 
PT density and CoreLok density in Figure 4.5 indicates that the accuracy of the PT measurement 
is low, whereas the high correlation between shear-wave velocity and CoreLok density indicates 
that the accuracy of the surface-wave measurement is relatively high.  
Although the state of practice for in situ density measurement (e.g., PT) was found in this study 
to have a relatively low accuracy (Figure 4.5), the density still must be measured to calculate the 
in situ modulus by Equation 5.1. Furthermore, for the modulus to be a viable QC measure, the 
density should be obtained by rapid NDT techniques rather than slower laboratory methods.  
To examine the consequence of using the in situ density to calculate the in situ modulus, the 
shear-wave velocity from SWM tests was used with the PT density and again with the laboratory 
CoreLok density in Equation 5.1. The resulting correlation between the in situ modulus with PT 
density (EPT) and the modulus with CoreLok density (ECL) is very good, with an R
2
 of 0.9937 
(Figure 5.2). This is because the Vs has an exponent of 2 in Equation 5.1 and therefore exhibits a 
significantly greater influence on modulus than does density, which varies over a limited range.  
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Figure 5.2 Correlation between in situ modulus calculated with PT density (EPT) vs. 
CoreLok density (ECL) 
As shown in Figure 5.3, the relative difference between EPT and ECL is small; below 10% for the 
denser pavements, and no more than 20% for the lower density CIP and FDR pavement sections. 
Thus, the in situ modulus EPT calculated from rapid NDT PT and SWM tests appears to be an 
acceptable measure for QC/QA of asphalt pavements. 
 
Figure 5.3 Relative differences between EPT and ECL 
5.3 Correlation between Density and Stiffness 
The field and laboratory data from Chapters 3 and 4 is employed in this section to study the 
feasibility of QC based on stiffness measured with the GeoGauge. The correlations between 
SWM modulus from cold and ambient-temperature tests and GeoGauge stiffness from hot and 
cold/ambient tests are shown in Figure 5.4. The correlation between SWM cold/ambient modulus 
and GeoGauge hot stiffness is high with R
2
=0.705 (Figure 5.4a). However, despite the 
measurements being taken at the same temperature conditions, the correlation between SWM 
cold/ambient modulus and GeoGauge cold/ambient stiffness is very low with R
2
=0.018 (Figure 
5.4b). This is likely a result of the stiffness increasing beyond the recommended measurement 
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range of the device as the pavement cools and cures. If the SWM cold/ambient modulus is 
assumed to be objective and accurate, the results in Figure 5.4 indicate that the GeoGauge is 
more suitable for measuring the stiffness of hot asphalt pavements several hours after paving, but 
not suitable for cold or ambient-temperature conditions.  
a)  b)  
Figure 5.4 Correlation between GeoGauge stiffness and SWM cold/ambient modulus: 
(a) hot GeoGauge tests and (b) cold/ambient GeoGauge tests 
Correlations between stiffness and in situ or laboratory density are shown in Figure 5.5. The 
correlation between CoreLok density and GeoGauge hot stiffness has the highest R2 of 0.518 as 
shown in part (c), followed by an R2 of 0.468 between PT density and GeoGauge hot stiffness in 
part (a). Again, the correlations with GeoGauge cold/ambient stiffness are very low, with R2 of 
0.105 and 0.128 for PT (part b) and CoreLok (part d), respectively. If the CoreLok density is 
assumed to be objective and accurate, the high correlation in Figure 5.5c and low correlation in 
Figure 5.5d also indicate that the GeoGauge is more suitable to measuring stiffness of hot asphalt 
layers several hours after paving rather than that of cold/ambient asphalt layers several days after 
paving.  
The GeoGauge hot stiffness can therefore be recommended as a quantitative property for quality 
control, because of the relatively good correlation between GeoGauge hot stiffness and SWM 
modulus (or CoreLok density). However, it should be noted that the GeoGauge cold/ambient 
stiffness measured in this study did not show a good agreement with the other in situ or 
laboratory measurements. As mentioned above, this is likely due to the stiffness increasing 
beyond the measurement range of the device as the pavement cools and cures.  
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a)  b)  
c)  d)  
Figure 5.5 Correlation between GeoGauge stiffness and density: (a) hot GeoGauge and hot 
PT tests, (b) cold/ambient GeoGauge and hot PT tests, (c) hot GeoGauge and CoreLok tests, 
(d) cold/ambient GeoGauge and CoreLok tests 
5.4 Calculation of Achieved Modulus Based on In Situ Modulus and Master Curves 
As demonstrated in the previous sections, asphalt pavement modulus is very sensitive to 
temperature, and thus a poor-quality pavement tested at a lower temperature might exhibit a 
higher modulus than a good-quality pavement at a higher temperature. To account for the effects 
of temperature on modulus, the in situ moduli measured at different field temperatures (e.g., 
using a combination of SWM and EM tests) should be corrected to moduli at a common 
reference temperature, such as 21°C. The correction procedure was detailed in Chapter 4 and 
shown schematically in Figure 4.12. 
For general implementation, however, it may not be convenient to measure the required master 
curves in the laboratory on each new project. Alternatively, a database of master curves can be 
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generated and a set of three master curves at three reference temperatures (e.g., T1=4°C, T2=21°C, 
T3=37°C) can be selected according to the asphalt pavement type. The master curve equation is 
 * loglog 1 rf
E
e

 
  (5.2) 
where δ is the minimal modulus, δ+α is the maximum modulus, β and γ are the shape coefficients, 
and fr is the reduced frequency. After the three master curves are selected for the appropriate 
asphalt mix used on the project, linear interpolation of log10(E) can employed as described in 
Section 4.3.3 to obtain master curves at the field temperatures (TF) of each NDT test point. The 
reduced frequency of the in situ modulus can then be found on the interpolated master curves, 
and the corrected modulus having the same reduced frequency on the 21°C reference master 
curve can be found. The achieved modulus (Ea) at other frequencies of interest (e.g., design 
frequencies from 10 to 30 Hz) can then be found on the 21°C master curve.  
5.5 Quality Control Procedure 
After collecting the field NDT data, a quicker QC procedure is needed to convert the in situ 
measurements (e.g., density and shear-wave velocity) to a quality measurement such as the 
achieved modulus, which can be compared against a quantitative design value such as the design 
modulus. One possible method is to use the modulus difference (field modulus minus corrected 
field modulus at 21°C in Table 4.4), which is highly correlated to the temperature difference 
(field temperature minus the reference temperature of 21°C), as shown in Figure 5.6.  
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Figure 5.6 Correlation between modulus difference and temperature difference of field and 
reference values across six sites 
For example, a fitting function was calculated for the data in this study to correct in situ modulus:  
21 433.97( 21)C I IE E T    (5.3) 
where modulus is in MPa, temperature is in °C, EI is the in situ modulus, TI  is the in situ 
temperature, and EC21 is the corrected modulus at 21°C. 
A quick QC procedure can thus be summarized in four steps: (1) measure in situ moduli and 
temperatures of several randomly selected locations in one construction section; (2) correct the 
average in situ modulus to account for temperature effects using Equation 5.3; (3) find the design 
modulus of the constructed pavement section from a master-curve database based on the 
pavement type and the reference temperature; and (4) calculate a dimensionless index as the ratio 
of corrected modulus over design modulus (Ea/Ed21C) to quantify the achieved quality. 
5.6 Quality Assurance Procedure 
After the pavement has been constructed as guided by the QC procedure, a more accurate QA 
procedure is needed to convert in situ measurements to a quality measurement that can be 
compared against a quantitative design value. The procedure described schematically in Figure 
5.7 and consisting of the following eight steps is proposed: 
1. Determine a design modulus of the asphalt mix for a given project. 
2. Measure field density and shear-wave velocity using NDT techniques. 
3. Calculate in situ modulus using Equation 5.1 with the measured density and shear-wave 
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velocity. 
4. Construct a set of three master curves at three reference temperatures according to the asphalt 
pavement type from a master-curve database, then employ linear interpolation of log10(E) to 
obtain a master curve corresponding to the measured field temperature. 
5. Determine the reduced frequency of the in situ modulus on the interpolated master curve. 
6. Use the reduced frequency to find the corrected modulus on the T2 reference-temperature 
master curve (e.g., 21°C). 
7. Use the T2 reference-temperature master curve to find the achieved modulus (Ea) at the 
design frequency. 
8. Calculate a dimensionless index as the ratio of achieved modulus over design modulus 
(Ea/Ed) to quantify the achieved quality. 
 
Figure 5.7 Quality assurance procedure based on NDT measurements 
5.7 Chapter Summary 
The in situ shear-wave velocity is very sensitive to pavement type and temperature, whereas the 
density is much less sensitive. Although modulus is a combination of shear-wave velocity and 
density, its value primarily depends on shear-wave velocity. Therefore, an in situ modulus 
calculated from SWM shear-wave velocity combined with EM gauge density is still accurate 
enough for QC/QA, even though the accuracy of the in situ density may be limited. A QC/QA 
procedure was developed employing the in situ modulus from SWM and EM gauge tests and a 
master-curve database. An alternative QC method has been developed based on GeoGauge 
stiffness measurements of hot asphalt pavements up to several hours after paving. 
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CHAPTER 6 – PRELIMINARY STUDY ON EMBEDDED MEMS SENSORS FOR 
QC/QA 
The secondary research objective was to perform a preliminary feasibility study on QC/QA and 
subsequent health monitoring of asphalt pavements using embedded MEMS sensors, and, based 
on the survivability of the sensors and results of the study, recommend further research or 
implementation of MEMS sensors for QC/QA and health monitoring on a larger scale. 
A previous feasibility study sponsored by the Iowa Highway Research Board was recently 
completed on embedded MEMS for monitoring highway structures (Ceylan et al. 2011). The 
study focused primarily on detection of the degree of hydration of concrete structures by 
measuring the moisture content. The study recommended five areas for future consideration, one 
of which was a MEMS-based pavement strain monitoring system, which would be useful for 
QC/QA and subsequent health-monitoring of asphalt pavements. Development of one such 
MEMS device for biaxial strain measurement was reported in Yun et al. (2001) and Obadat et al. 
(2003). However, the device was delicate and would not survive the paving process. Similarly 
sized sensors have recently been developed for measuring strain in harsh environments by 
Azevedo et al. (2007), but they are currently cost prohibitive until mass production of such 
MEMS sensors is realized (Yun et al. 2001).  
Two primary challenges for using MEMS-based sensors for QC/QA and health monitoring of 
asphalt pavements are (1) power for the electronics, and (2) sufficiently rugged construction and 
electronics that can survive the temperatures and pressures under paving machines. Although 
off-the-shelf battery-powered MEMS sensors are available, the batteries would eventually die 
and render the embedded sensors useless. Embedded MEMS-sensors powered by electrical wires 
running to the edge of the pavement would likely not be rugged or practical enough for 
widespread implementation. Two alternatives that appear promising are energy-harvesting 
devices and sensors passively powered by radio-frequency identification (RFID) technology.  
A product search was conducted for this study, but no economically feasible MEMS-based strain 
measuring devices were identified that could survive the paving process. However, a promising 
battery-free, wireless, RFID passively-powered MEMS-based sensor technology from Phase IV 
engineering was identified (Figure 6.1).  
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Figure 6.1. MEMS-based passively powered RFID temperature and wet/dry sensor 
These MEMS-based sensors are installed in a disk package that is approximately 3 in. in 
diameter and 3/8 in. thick. They measure temperature and also indicate a binary wet/dry moisture 
state. The sensors are powered and interrogated from up to several feet away by a 902–928 MHz 
antenna. To assess the survivability of the devices, Phase IV provided one off-the-shelf sensor as 
well as four ruggedized versions, which had an additional epoxy layer and fiberglass cover.  
Five sensors were embedded between a 3 in. thick intermediate course and a 2 in. surface course 
of HMA on IA 17 just north of Stanhope, Iowa, on June 18, 2014. One standard unit (Figure 6.1) 
was installed along with four of the ruggedized versions. Two of the ruggedized units were 
installed directly on the tack coat, and the other two were first glued to a steel plate, which was 
intended to improve the signal strength (Figure 6.2). 
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a)  b)  
c)  d)  
Figure 6.2. MEMS-based sensors embedded in IA 17 pavement: (a) 5 sensors laid on tack 
coat on intermediate course, (b) location of sensors in paving lane, (c) interrogation of 
sensors with RF antenna, (d) orange paint showing positions of first 3 embedded sensors 
Immediately after paving, the three sensors not attached to the steel plate were successfully read 
through the 2 in. surface course. However, the unprotected sensor stopped responding within a 
few minutes. Temperatures recorded from the two surviving sensors were approximately 70°C, 
and they steadily dropped by 5°C after 1 hour (Figure 6.3).  
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Figure 6.3. Temperature data from surviving sensors immediately after paving 
The two units attached to the steel plate did not survive the paving process, most likely due to the 
steel plate conducting heat from the new asphalt around to the underside of the sensors; whereas 
the other units were somewhat insulated by being placed on the intermediate course. The two 
surviving sensors were interrogated approximately one week later on July 2, 2014, and only one 
responded, giving temperatures of 20°C.  
This MEMS technology shows promise for embedded sensing in asphalt pavements, although 
the sensors may require further ruggedization. If the longevity of the devices can be 
demonstrated, the battery-free passively powered circuit design means that the sensors could 
outlast other battery-powered sensors. However, Phase IV Engineering does not currently offer 
commercial strain sensors using the passive RFID technology. Based on the successful survival 
and readability of the sensors under the new asphalt pavement, development of strain-gauge 
sensors based on the technology is recommended for further research. One challenge, however, 
is that strain-gauge sensors will require more power than the temperature/moisture sensors used 
in this preliminary study. 
By their nature, the NDT methods described in Chapter 3 could also enable health monitoring of 
new and existing pavements through comparison of periodic measurements against benchmark 
readings taken at some previous point in the pavement’s life cycle. Health monitoring can be 
achieved by performing periodic NDT of pavement modulus using surface-wave methods, or by 
tracking stiffness using the GeoGauge. For new pavements, the initial benchmark readings can 
be taken immediately after construction. For existing pavements, the benchmark readings may be 
taken at any point in the pavement’s life cycle. Comparison of the benchmark readings with 
subsequent measurements will allow performance metrics such as stiffness or density to be 
monitored over time.  
With further research, threshold criteria in terms of the NDT modulus or stiffness may be 
developed to indicate when the pavement’s health reaches a critical state. Multiple measurements 
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covering a pavement section of interest can be plotted as color maps for different points in time 
to highlight areas of deterioration, which may not be visually evident at the surface.  
Surface-wave methods can offer a significant advantage relative to the other technologies for 
health monitoring applications, because surface waves provide measurements from wave 
propagation through the pavement over distances of 2 to 5 m (6.6 to 16.4 ft), whereas nuclear 
gauges, EM gauges and the GeoGauge only give measurements at selected points. Surface-wave 
methods may therefore measure pavement integrity over larger volumes, translating into 
significant time savings for profiling large sections of pavement. Wave propagation methods 
have also been shown to indicate damage such as subsurface cracking, which causes reflection 
and scattering of the waves, reducing the energy reaching the sensors.  
As outlined above, there are two options for studying health monitoring of asphalt pavements by 
tracking changes in pavement behavior over time: (1) development and preliminary testing of 
embedded MEMS sensors for stress and strain, and (2) periodic measurement of modulus or 
stiffness by surface-wave or GeoGauge tests. 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 
An accurate and objective quality measurement procedure was developed in this study based on 
dynamic modulus obtained by a combination of shear-wave velocity and density measured with 
two efficient and economical NDT methods (i.e., surface-wave tests and electromagnetic density 
gauges). The shear-wave velocity can be obtained by inversion of MSOR dispersion data, or by 
simply multiplying the constant phase velocity of the horizontal portion of MASW dispersion 
data in the high-frequency range by a factor related to Poisson’s ratio.  
The in situ density can be measured by devices such as the Troxler PT. The researchers found 
that the PT density had a low correlation with laboratory density. However, the modulus 
calculated using the PT density was highly correlated and close to the modulus calculated with 
the CoreLok density, because the modulus is much more sensitive to shear-wave velocity than 
density. The in situ density is not sensitive to temperature variation, whereas the shear-wave 
velocity is very sensitive. To account for effect of temperature on modulus, the in situ moduli 
measured at different field temperatures should be corrected to a common reference temperature 
for quality comparisons. Procedures were developed in Chapter 4 for this purpose.  
The GeoGauge stiffness measured on hot asphalt mixtures several hours after paving has a good 
correlation with the in situ dynamic modulus and the laboratory density, whereas the GeoGauge 
stiffness of cold and ambient-temperature asphalt mixtures has a very low correlation with the 
other measurements. Therefore, the GeoGauge stiffness measured on hot asphalt pavements is 
recommended for QC. 
The in situ moduli, temperatures, densities, and stiffnesses of five representative asphalt 
pavement projects were measured, and field cores were tested for density and dynamic modulus 
in the laboratory. Prior to measuring the dynamic moduli of the field cores, the indirect tension 
dynamic modulus method was first validated against the axial method. Dynamic modulus of the 
field cores was then measured over a range of frequencies and temperatures with the IDT method 
and used to construct master curves for correcting the in situ moduli at various temperatures to a 
common reference temperature. To obtain a master curve at a given field temperature from 
measured master curves at different reference temperatures, linear interpolation of log10(E) was 
found to have the smallest discrepancy with the actual master curve across the whole frequency 
range. After correcting the in situ modulus, a quick QC procedure was developed by comparing 
the corrected modulus to the design modulus, and a more accurate quality assurance procedure 
was developed by comparing the achieved modulus with the design modulus at a given design 
frequency.  
A comprehensive master-curve database covering a variety of pavements with different mixes 
and traffic volumes is needed to correct the in situ modulus values for temperature, and to 
determine design modulus values. To generate such a comprehensive master-curve database, 
laboratory modulus measurements of field cores from various asphalt pavement projects should 
be made.  
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A preliminary study on MEMS-based sensors for QC/QA and health monitoring of asphalt 
mixtures was performed. One out of three configurations of a ruggedized battery-free wireless 
RFID-powered temperature/moisture sensor was found to survive the paving process, and one 
out of two of the surviving sensors was successfully read through a 2 in. thick asphalt pavement 
course after a period of one week. It is recommended that the technology be further studied for 
application to embedded RFID-powered strain gauges. The use of NDT tests performed 
periodically was also discussed and is recommended for health monitoring of asphalt pavements. 
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Figure A.1. Results of surface wave tests on hot Boone HMA base courses several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.1 (continued)  
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Figure A.1 (continued) 
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Figure A.1 (continued) 
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Figure A.1 (continued) 
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Figure A.2. Results of surface wave tests on hot Boone WMA base courses several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.2 (continued) 
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Figure A.2 (continued) 
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Figure A.3. Results of surface wave tests on ambient-temperature Boone HMA base 
courses one day after paving. Left column: normalized time-domain signals, right column: 
frequency-domain dispersion images 
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Figure A.3 (continued) 
98 
HB2-7 
  
HB5-1 
 
HB5-3 
  
HB5-6 
  
Figure A.3 (continued) 
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Figure A.3 (continued) 
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Figure A.3 (continued) 
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Figure A.4. Results of surface wave tests on ambient-temperature Boone WMA base 
courses one day after paving. Left column: normalized time-domain signals, right column: 
frequency-domain dispersion images 
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Figure A.4 (continued) 
104 
WB8-8 
 
WB9-2 
 
WB9-3 
  
WB9-6 
  
Figure A.4 (continued) 
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Figure A.5. Results of surface wave tests on hot Boone HMA surface courses several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
  
107 
HS1-4 
  
HS2-1 
  
HS2-2 
  
HS2-3 
  
Figure A.5 (continued) 
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Figure A.6. Results of surface wave tests on hot Boone WMA surface courses several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.6 (continued) 
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Figure A.7. Results of surface wave tests on ambient-temperature Boone HMA surface 
courses one day after paving. Left column: normalized time-domain signals, right column: 
frequency-domain dispersion images 
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Figure A.7 (continued).  
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Figure A.8. Results of surface wave tests on ambient-temperature Boone WMA surface 
courses one day after paving. Left column: normalized time-domain signals, right column: 
frequency-domain dispersion images 
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Figure A.8 (continued).  
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Figure A.8 (continued).  
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Figure A.9. Picked experimental dispersion curves (targets), and theoretical dispersion 
curves from inversion for ambient-temperature Boone HMA base courses one day after 
paving.  
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Figure A.9 (continued) 
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Figure A.9 (continued) 
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Figure A.10. Picked experimental dispersion curves (targets), and theoretical dispersion 
curves from inversion for ambient-temperature Boone WMA base courses one day after 
paving 
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Figure A.10 (continued) 
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Figure A.10 (continued) 
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Figure A.11. Results of surface wave tests on hot US 69 HMA surface course several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.11 (continued) 
  
125 
US 69-4 
 
US 69-5 
 
US 69-6 
 
Figure A.12. Results of surface wave tests on cold US 69 HMA surface course after 
applying dry ice: Left column: normalized time-domain signals, right column: frequency-
domain dispersion images.  
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Figure A.12 (continued).  
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Figure A.13. Picked experimental dispersion curves (targets), and theoretical dispersion 
curves from inversion for cold US 69 HMA surface course tests after applying dry ice 
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Figure A.14. Results of surface wave tests on cold US 169 HMA surface course after 
applying dry ice: Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.15. Results of surface wave tests on ambient-temperature US 169 HMA surface 
course two days after paving. Left column: normalized time-domain signals, right column: 
frequency-domain dispersion images 
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Figure A.15 (continued) 
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Figure A.16. Results of surface wave tests on hot IA 93 FDR section several hours after 
paving. Left column: normalized time-domain signals, right column: frequency-domain 
dispersion images 
  
133 
IA 93 CIP-1 
  
IA 93 CIP-2 
  
Figure A.17. Results of surface wave tests on hot IA 93 CIP section several hours after 
paving. Left column: normalized time-domain signals, right column: frequency-domain 
dispersion images 
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Figure A.18. Results of surface wave tests on cold IA 93 CIP section after using dry ice: 
Left column: normalized time-domain signals, right column: frequency-domain dispersion 
images 
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Figure A.19. Results of surface wave tests on hot IA 93 thin overlay section several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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Figure A.20. Results of surface wave tests on cold IA 93 thin overlay section after using dry 
ice: Left column: normalized time-domain signals, right column: frequency-domain 
dispersion images 
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Figure A.21. Picked experimental dispersion curves (targets), and theoretical dispersion 
curves from inversion for cold tests on IA 93 CIP and OL sections after applying dry ice 
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US 6 H20-2 
  
US 6 H20-3 
  
US 6 H25-1 
  
Figure A.22. Results of surface wave tests on hot US 6 HMA surface course several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images 
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US 6 H25-2 
  
US 6 H30-2 
  
US 6 H30-3 
 
  
Figure A.22 (continued) 
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US 6 W15-1 
  
US 6 W15-2 
  
US 6 W30-2 
   
Figure A.23. Results of surface wave tests on hot US 6 WMA surface course several hours 
after paving. Left column: normalized time-domain signals, right column: frequency-
domain dispersion images.  
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US 6 W30-3 
  
Figure A.23 (continued) 
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US 6 H20-2 
  
  
US 6 H20-3 
  
US 6 H25-1 
   
Figure A.24. Results of surface wave tests on ambient-temperature US 6 HMA surface 
course several days after paving. Left column: normalized time-domain signals, right 
column: frequency-domain dispersion images 
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US 6 H25-2 
  
 
US 6 H30-2 
  
  
US 6 H30-3 
 
  
Figure A.24 (continued).  
144 
US 6 W15-1 
  
US 6 W15-2 
 
 
US 6 W30-2 
  
Figure A.25. Results of surface wave tests on ambient-temperature US 6 WMA surface 
course several days after paving. Left column: normalized time-domain signals, right 
column: frequency-domain dispersion images 
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US 6 W30-3 
  
Figure A.25 (continued) 
 
Table A.1. GeoGauge stiffness of hot Boone HMA surface courses several hours after 
paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
(MN/m) 1 2 3 4 
HS1-1 50.4 27.46 31.00 30.08 - 29.51 
HS 1-2 50.4 25.67 29.02 25.83 28.85 27.34 
HS 1-3 47.7 31.70 31.32 32.60 - 31.87 
HS 1-4 47 27.88 25.26 27.38 - 26.84 
HS 2-1 45 31.32 27.66 31.80 - 30.26 
HS 2-2 43.1 33.75 33.02 37.52 37.38 35.42 
HS 2-3 39.4 36.30 33.26 36.09 32.89 34.64 
Average 46.1     30.84 
 
Table A.2. GeoGauge stiffness of ambient-temperature Boone HMA surface courses one 
day after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
HS 1-1 42.8 62.72 64.34 - 63.53 
HS 1-2 45.0 50.15 51.13 - 50.64 
HS 1-3 46.7 55.5 57.19 - 56.35 
HS 1-4 45.5 51.21 54.55 - 52.88 
HS 2-1 44.3 52.58 54.63 55.50 54.24 
HS 2-2 45.7 54.84 57.74 - 56.29 
HS 2-3 46.2 55.54 56.62 - 56.08 
Average 45.2    55.71 
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Table A.3. GeoGauge stiffness of hot Boone WMA surface courses several hours after 
paving. 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
WS3-1 48.7 27.48 25.19 25.94 26.20 
WS 3-2 52.5 27.9 21.65 29.49 26.35 
WS 3-3 50.8 30.23 31.79 32.15 31.39 
WS 3-4 50.8 25.12 31.32 34.33 30.26 
WS 4-1 56.2 22.92 25.12 25.44 24.49 
WS 4-2 52.8 27.25 25.63 26.11 26.33 
WS 4-3 55.4 20.56 22.41 21.47 21.48 
WS 4-4 53.3 30.21 31.31 30.88 30.80 
WS 4-5 51.6 30.24 29.23 29.52 29.66 
Average 52.5    27.44 
 
Table A.4. GeoGauge stiffness of ambient-temperature Boone WMA surface courses one 
day after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
WS3-1 48.2 43.92 37.86 45.99 42.59 
WS3-2 49.6 49.7 51.72 52.59 51.34 
WS3-3 50.8 48.11 50.88 52.83 50.61 
WS3-4 47.9 52.68 53.26 52.87 52.94 
WS4-1 49.1 43.47 46.71 48.61 46.26 
WS4-2 47.9 54.13 55.22 56.79 55.38 
WS4-3 51.8 36.07 38.61 38.04 37.57 
WS4-4 52.8 51.98 53.99 57.27 54.41 
WS4-5 43.8 53.77 59.81 62.65 58.74 
Average 49.1    49.98 
 
Table A.5. GeoGauge stiffness of hot US 69 HMA surface course several hours after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
(MN/m) 1 2 3 4 
US 69-1 60.8 28.22 25.92 26.32 27.37 26.96 
US 69-2 56.9 28.55 35.27 45.85 40.92 37.65 
US 69-3 63.9 43.34 46.53 34.98 -  41.62 
Average 60.5     35.41 
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Table A.6. GeoGauge stiffness of cold US 69 HMA surface course after applying dry ice 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
US 69-4 16 79.07 90.46 91.55 87.03 
US 69-5 18.5 82.49 94.91 87.49 88.30 
US 69-6 16.8 109.59 111.22 98.65 106.49 
US 69-7 18 96.51 74.32 109.31 93.38 
US 69-8 19.3 77.46 78.91 86.05 80.81 
US 69-9 18.5 76.41 83.88 87.42 82.57 
Average 17.9    89.76 
 
Table A.7. GeoGauge stiffness of cold US 169 HMA surface course several hours after 
paving and applying dry ice 
Cores Temperature (°C) 
Measurement (MN/m) Average 
(MN/m) 1 2 3 4 
US 169-1 20 34.42 30.3 37.37 - 34.03 
US 169-2 27.9 28.92 30.6 39.49 34.52 33.38 
US 169-3 33 32.67 40.37 36.63 - 36.56 
US 169-4 29.6 35.33 28.98 35.91 - 33.41 
US 169-5 23.5 42.22 34.14 48.22 - 41.53 
US 169-6 25.4 39.25 47.89 35.59 37.87 40.15 
Average 26.6     36.51 
 
Table A.8. GeoGauge stiffness of hot IA 93 sections several hours after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
FDR-1 33.8 4.37 4.92 5.51 4.93 
FDR-2 29.4 22.13 25.72 24.64 24.16 
Average 31.6    14.55 
CIP-1 42.1 26.43 28.38 31.81 28.87 
CIP-2 43.3 22.93 23.76 24.62 23.77 
Average 42.7    26.32 
OL-1 45 35.86 32.66 36.05 34.86 
OL-2 44.8 34.48 33.61 40.97 36.35 
Average 44.9    35.61 
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Table A.9. GeoGauge stiffness of cold IA 93 sections after applying dry ice 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
CIP-1 18.8 30.65 32.46 31.98 31.70 
CIP-2 17.5 24.42 24.68 25.91 25.00 
Average 18.2    28.35 
OL-1 13.5 45.64 42.51 42.98 43.71 
OL-2 12.3 46.22 42.73 41.71 43.55 
Average 12.9    43.63 
 
Table A.10. GeoGauge stiffness of hot US 6 HMA surface course several hours after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
US 6 H20-2 40.6 81.92 100.91 115.34 99.39 
US 6 H20-3 42.3 106.21 104.00 111.49 107.23 
US 6 H25-1 43.3 97.82 103.77 106.24 102.61 
US 6 H25-2 45.3 43.23 41.89 45.54 43.55 
US 6 H30-2 45.3 44.64 47.91 36.35 42.97 
US 6 H30-3 43.8 37.66 40.54 36.24 38.15 
Average 43.4    72.32 
 
Table A.11. GeoGauge stiffness of ambient-temperature US 6 HMA surface course several 
days after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
US 6 H20-2 26.2 32.95 36.80 35.68 35.14 
US 6 H20-3 25.7 35.26 38.83 34.17 36.09 
US 6 H25-1 24.7 34.71 32.67 34.29 33.89 
US 6 H25-2 25.9 31.45 30.82 32.50 31.59 
US 6 H30-2 30.6 30.62 35.71 33.16 33.16 
US 6 H30-3 26.4 29.56 29.40 29.55 29.50 
Average 26.6    33.23 
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Table A.12. GeoGauge stiffness of hot US 6 WMA surface course several hours after 
paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
US 6 W15-1 46.0 42.02 41.63 45.08 42.91 
US 6 W15-2 46.0 44.68 50.00 39.60 44.76 
US 6 W30-2 44.0 46.34 42.59 48.72 45.88 
US 6 W30-3 40.1 40.59 45.18 54.38 46.72 
Average 44.0    45.07 
 
Table A.13. GeoGauge stiffness of ambient-temperature US 6 WMA surface course several 
days after paving 
Cores Temperature (°C) 
Measurement (MN/m) Average 
1 2 3 (MN/m) 
US 6 W15-1 22.2 38.69 37.22 39.06 38.32 
US 6 W15-2 23.0 35.59 37.32 33.88 35.60 
US 6 W30-2 22.0 35.44 33.70 33.62 34.25 
US 6 W30-3 22.2 36.47 38.16 39.84 38.16 
Average 22.4    36.58 
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Table A.14. PaveTracker density of Boone HMA base courses 
Cores 
Several hours after paving One day after paving 
Temperature (°C) Density (kg/m3) Temperature (°C) Density (kg/m3) 
HB1-1 72.1 2,185 24.7 2,144 
HB1-3 85.1 2,215 25.2 2,166 
HB1-5 68.2 2,166 27.7 2,126 
HB1-7 66.1 2,223 26.4 2,052 
HB2-1 77.4 2,203 31.8 2,092 
HB2-2 88.9 2,255 31.3 2,200 
HB2-5 77.6 2,167 29.6 2,083 
HB2-7 72.8 2,138 33.8 2,106 
HB5-1 79.1 2,229 30.1 2,177 
HB5-3 69.9 2,282 28.4 2,261 
HB5-6 77.4 2,150 27.4 2,010 
HB5-7 69.0 2,250 26.9 2,230 
HB6-3 67.3 2,259 29.4 2,196 
HB6-4 74.7 2,239 29.1 2,227 
HB6-5 71.6 2,243 29.4 2,202 
HB6-7 69.7 2,266 28.9 2,263 
HB7-2 67.8 2,278 28.9 2,228 
HB7-4 64.4 2,203 27.7 2,291 
HB7-7 75.6 2,279 27.9 2,328 
Average 73.4  28.7  
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Table A.15. PaveTracker density of Boone WMA base courses 
Cores 
Several hours after paving One day after paving 
Temperature (°C) Density (kg/m3) Temperature (°C) Density (kg/m3) 
WB3-2 61.5 2,259 25.9 2,205 
WB3-4 69.0 2,217 27.4 2,199 
WB3-5 75.0 2,166 28.9 2,102 
WB3-7 71.1 2,216 27.7 2,128 
WB4-1 69.2 2,220 27.7 2,151 
WB4-2 72.3 2,226 28.1 2,146 
WB4-3 68.7 2,166 29.1 2,285 
WB4-7 77.1 2,181 29.9 2,141 
WB8-4 55.0 2,193 38.9 2,208 
WB8-5 55.9 2,247 35.5 2,223 
WB8-7 50.8 2,240 26.2 2,243 
WB8-8 51.6 2,279 35.5 2,284 
WB9-2 50.4 2,197 42.1 2,235 
WB9-3 51.8 2,182 43.8 2,221 
WB9-6 56.2 2,196 40.9 2,252 
WB9-7 53.8 2,234 47.2 2,231 
Average 61.8  33.4  
 
Table A.16. PaveTracker density of Boone HMA surface courses 
Cores 
Several hours after paving One day after paving 
Temperature (°C) Density (kg/m
3
) Temperature (°C) Density (kg/m
3
) 
HS1-1 50.4 2,229 42.8 2,235 
HS1-2 50.4 2,229 45.0 2,199 
HS1-3 47.7 2,238 46.7 2,234 
HS1-4 47 2,248 45.5 2,249 
HS2-1 45 2,225 44.3 2,209 
HS2-2 43.1 2,229 45.7 2,156 
HS2-3 39.4 2,259 46.2 2,247 
Average 46.1  45.2  
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Table A.17. PaveTracker density of Boone WMA surface courses 
Cores 
Several hours after paving One day after paving 
Temperature (°C) Density (kg/m
3
) Temperature (°C) Density (kg/m
3
) 
WS3-1 48.7 2,221 48.2 2,193 
WS3-2 52.5 2,272 49.6 2,101 
WS3-3 50.8 2,244 50.8 2,238 
WS3-4 50.8 2,275 47.9 2,241 
WS4-1 56.2 2,230 49.1 2,111 
WS4-2 52.8 2,214 47.9 2,196 
WS4-3 55.4 2,208 51.8 2,187 
WS4-4 53.3 2,222 52.8 2,229 
WS4-5 51.6 2,240 43.8 2,226 
Average 52.5  49.1  
 
Table A.18. PaveTracker density of US 69 HMA surface courses 
Cores 
Several hours after paving After applying dry ice 
Temperature (°C) Density (kg/m3) Temperature (°C) Density (kg/m3) 
US 69-1 60.8 2,279 - - 
US 69-2 56.9 2,290 - - 
US 69-3 63.9 2,317 - - 
US 69-4 - - 16 2,264 
US 69-5 - - 18.5 2,212 
US 69-6 - - 16.8 2,272 
US 69-7 - - 18 2,178 
US 69-8 - - 19.3 2,205 
US 69-9 - - 18.5 2,256 
Average 60.5  17.9  
 
Table A.19. PaveTracker density of IA 93 sections 
Cores 
Several hours after paving After applying dry ice 
Temperature (°C) Density (kg/m
3
) Temperature (°C) Density (kg/m
3
) 
FDR-1 33.8 2,314 - - 
FDR-2 29.4 2,508 - - 
Average 31.6    
CIP-1 42.1 2,181 18.8 2,179 
CIP-2 43.3 2,236 17.5 2,179 
Average 42.7  18.2  
OL-1 45 2,234 13.5 2,175 
OL-2 44.8 2,183 12.3 2,127 
Average 44.9  12.9  
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Table A.20. PaveTracker density of US 169 HMA surface course 
Cores 
Several hours after paving and applying dry ice 
Temperature (°C) Density (kg/m3) 
US 169-1 20 2,199 
US 169-2 27.9 2,345 
US 169-3 33 2,321 
US 169-4 29.6 2,236 
US 169-5 23.5 2,300 
US 169-6 25.4 2,300 
Average 26.6  
 
Table A.21. PaveTracker density of US 6 HMA surface course 
Cores 
Several hours after paving 
Temperature (°C) Density (kg/m
3
) 
US 6 H20-2 40.6 2,710 
US 6 H20-3 42.3 2,577 
US 6 H25-1 43.3 2,609 
US 6 H25-2 45.3 2,609 
US 6 H30-2 45.3 2,646 
US 6 H30-3 43.8 2,683 
Average 43.4  
 
Table A.22. PaveTracker density of US 6 WMA surface course 
Cores 
Several hours after paving 
Temperature (°C) Density (kg/m
3
) 
US 6 W15-1 46.0 2,603 
US 6 W15-2 46.0 2,572 
US 6 W30-2 44.0 2,628 
US 6 W30-3 40.1 2,582 
Average 44.0  
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Table B.1. Laboratory density of Boone HMA base courses 
Cores SSD (kg/m
3
) CoreLock (kg/m
3
) 
HB1-1 2,283 2,292 
HB1-3 2,283 2,275 
HB1-5 2,260 2,267 
HB1-7 2,303 2,311 
HB2-1 2,292 2,301 
HB2-2 2,303 2,284 
HB2-5 2,239 2,256 
HB2-7 2,284 2,301 
HB5-1 2,311 2,319 
HB5-3 2,305 2,314 
HB5-6 2,282 2,293 
HB5-7 2,317 2,328 
HB6-3 2,311 2,309 
HB6-4 2,305 2,313 
HB6-5 2,299 2,312 
HB6-7 2,328 2,342 
HB7-2 2,326 2,334 
HB7-4 2,291 2,299 
HB7-7 2,362 2,365 
 
Table B.2. Laboratory density of Boone WMA base courses 
Cores SSD (kg/m
3
) CoreLock (kg/m
3
) 
WB3-2 2,287 2,287 
WB3-4 2,288 2,310 
WB3-5 2,263 2,274 
WB3-7 2,276 2,295 
WB4-1 2,297 2,310 
WB4-2 2,274 2,294 
WB4-3 2,235 2,236 
WB4-7 2,246 2,253 
WB8-4 2,289 2,302 
WB8-5 2,311 2,320 
WB8-7 2,318 2,330 
WB8-8 2,352 2,349 
WB9-2 2,278 2,295 
WB9-3 2,245 2,261 
WB9-6 2,275 2,281 
WB9-7 2,294 2,303 
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Table B.3. Laboratory density of Boone HMA surface courses 
Cores CoreLock (kg/m
3
) 
HS1-1 2,303 
HS1-2 2,270 
HS1-3 2,273 
HS1-4 2,295 
HS2-1 2,268 
HS2-2 2,253 
HS2-3 2,298 
 
Table B.4. Laboratory density of Boone WMA surface courses 
Cores CoreLock (kg/m
3
) 
WS3-1 2,227 
WS3-2 2,283 
WS3-3 2,270 
WS3-4 2,274 
WS4-1 2,282 
WS4-2 2,269 
WS4-3 2,258 
WS4-4 2,297 
WS4-5 2,277 
 
Table B.5. Laboratory density of US 69 HMA surface courses 
Cores SSD (kg/m
3
) CoreLock (kg/m
3
) 
US 69-1 2,241 2,262 
US 69-2 2,315 2,295 
US 69-3 2,293 2,275 
US 69-4 2,307 2,299 
US 69-5 2,298 2,290 
US 69-6 2,289 2,278 
US 69-7 2,319 2,289 
US 69-8 2,304 2,298 
US 69-9 2,290 2,286 
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Table B.6. Laboratory density of IA 93 sections 
Cores CoreLock (kg/m
3
) 
FDR-1 1,982 
FDR-2 2,092 
CIP-1 1,931 
CIP-2 1,889 
OL-1 2,077 
OL-2 2,312 
 
Table B.7. Laboratory density of US 169 HMA surface courses 
 
 
Table B.8. Laboratory density of US 6 HMA surface courses 
Cores CoreLock (kg/m
3
) 
US 6 H20-2 2,482 
US 6 H20-3 2,345 
US 6 H25-1 2,400 
US 6 H25-2 2,412 
US 6 H30-2 2,469 
US 6 H30-3 2,457 
 
Table B.9. Laboratory density of US 6 WMA surface courses 
Cores CoreLock (kg/m
3
) 
US 6 W15-1 2,462 
US 6 W15-2 2,462 
US 6 W30-2 2,441 
US 6 W30-3 2,398 
 
  
Cores CoreLock (kg/m
3
) 
US 169-1 2,263 
US 169-2 2,335 
US 169-3 2,270 
US 169-4 2,242 
US 169-5 2,247 
US 169-6 2,299 
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Table B.10. Dynamic modulus of seven calibration samples measured by axial method 
Conditions Sample, modulus in MPa Average 
modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
1 2 3 4 5 6 7 
4 
25 9335 9532 10306 10031 10129 10261 10569 10023 4.4 
20 9036 9274 9919 9711 9782 9980 10145 9693 4.1 
10 8044 8252 8828 8683 8697 8916 9040 8637 4.2 
5 7211 7406 7868 7777 7759 7959 8010 7713 3.8 
2 6300 6462 6877 6801 6748 6814 6978 6711 3.6 
1 5634 5761 6119 6089 5997 6033 6225 5980 3.5 
0.5 4978 5082 5386 5383 5260 5296 5472 5265 3.4 
0.2 4224 4295 4537 4558 4444 4481 4600 4449 3.2 
0.1 3699 3771 3942 3966 3856 3900 4003 3877 2.8 
21 
25 3868 4172 4111 4350 4071 4230 4227 4147 3.7 
20 3734 3984 3921 4115 3890 4008 4053 3958 3.1 
10 3146 3361 3305 3460 3281 3395 3397 3335 3.1 
5 2631 2792 2721 2863 2729 2809 2850 2771 3.0 
2 2036 2156 2104 2198 2115 2165 2173 2135 2.6 
1 1703 1769 1739 1810 1745 1788 1811 1767 2.3 
0.5 1415 1452 1430 1478 1437 1469 1488 1453 1.9 
0.2 1130 1140 1131 1140 1126 1150 1165 1140 1.2 
0.1 935 934 922 944 942 957 956 941 1.3 
37 
25 1527 1515 1578 1541 1471 1448 1640 1531 4.2 
20 1411 1417 1475 1430 1361 1340 1519 1422 4.4 
10 1082 1080 1138 1106 1055 1036 1158 1094 4.0 
5 856 844 903 870 831 813 923 863 4.5 
2 619 607 663 635 607 604 670 629 4.4 
1 479 462 542 522 503 479 518 501 5.7 
0.5 406 397 478 459 442 415 440 434 6.7 
0.2 314 300 373 370 355 340 349 343 8.0 
0.1 264 254 326 319 312 293 303 296 9.3 
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Table B.11. Dynamic modulus of seven calibration samples measured by IDT method 
Conditions 
 
Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
subsample 1 2 3 4 5 6 7 
4 
25 
1 8255 8744 8489 8918 9106 8163 8839 
8410 8.0 2 8026 9280 7653 8357 9426 7543 7340 
3 8577 7803 7374 8723 9537 7632 8830 
10 
1 7978 7942 7687 8258 7724 7661 8066 
7686 6.9 2 7012 8138 6841 7775 8379 7052 6706 
3 7700 7036 7414 8182 8327 7219 8310 
5 
1 7099 6815 6693 7019 6741 6774 6861 
6713 7.2 2 6110 7208 5835 6539 7141 6094 5792 
3 6795 6415 6611 7240 7397 6321 7466 
1 
1 5283 5004 4930 5249 4970 5006 5054 
4888 8.7 2 4403 5448 4147 4861 5396 4334 4157 
3 4995 4603 4416 5088 5444 4492 5366 
0.5 
1 4494 4284 4184 4488 4143 4350 4353 
4184 9.4 2 3802 4721 3544 4181 4715 3714 3525 
3 4373 3924 3630 4246 4757 3814 4625 
0.1 
1 3255 3044 2904 NA 2935 3080 3179 
2947 11.2 2 2580 3353 2468 2926 3322 2552 2443 
3 3130 2765 2469 3038 3518 2690 3287 
21 
25 
1 3281 3130 3152 3080 3651 3505 3675 
3243 9.3 2 2830 3107 2816 2974 2935 2769 3113 
3 3259 3853 3279 3240 3566 3513 3382 
10 
1 2704 2620 2494 2495 2917 2677 2653 
2582 9.5 2 2256 2465 2242 2355 2326 2128 2540 
3 2611 3147 2582 2590 2842 2847 2725 
5 
1 2195 2088 2101 2083 2452 2290 2227 
2140 10.3 2 1812 2057 1816 1886 1917 1754 2041 
3 2169 2587 2248 2191 2396 2350 2285 
1 
1 1373 1223 1261 1254 1496 1396 1302 
1294 11.9 2 1115 1286 1093 1123 1137 972 1217 
3 1357 1624 1403 1294 1467 1421 1358 
0.5 
1 1041 853 960 957 1156 1066 969 
973 13.4 2 847 966 819 836 857 701 900 
3 1039 1251 1067 934 1119 1075 1026 
0.1 
1 621 535 567 569 675 647 563 
570 14.3 2 484 558 457 462 477 424 505 
3 601 739 619 563 660 630 619 
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Table B.11 (continued) 
37 
25 
1 1148 1291 1212 1219 1419 1214 1262 
1225 11.7 2 963 1204 1112 995 1275 1140 966 
3 1310 1449 1266 1500 1197 1247 1331 
10 
1 903 930 883 906 999 900 1035 
887 13.0 2 737 874 781 704 948 806 670 
3 982 726 896 1101 895 1031 923 
5 
1 782 737 691 793 763 728 866 
720 12.0 2 608 693 628 534 749 652 573 
3 800 822 806 NA 724 723 726 
1 
1 461 402 402 432 461 424 464 
409 11.3 2 336 378 353 307 400 389 340 
3 440 480 402 453 416 425 414 
0.5 
1 402 335 285 369 325 299 385 
312 15.2 2 284 310 262 207 310 269 233 
3 333 349 340 312 343 303 292 
0.1 
1 207 186 165 181 191 184 224 
179 13.5 2 160 179 148 124 190 156 147 
3 203 207 168 NA 185 183 198 
 
Table B.12. Dynamic modulus of six field cores from Boone HMA base courses by IDT  
Conditions Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
1-1 1-7 2-1 5-1 6-3 7-4 
4 
25 15337 15491 13952 16111 14758 12752 14733.4 8.2 
10 14450 13889 11419 14655 13225 11430 13177.7 11.0 
5 12713 12131 11705 13285 11505 10498 11972.8 8.1 
1 9603 9390 8546 9717 8792 7678 8954.3 8.7 
0.5 8324 8181 7483 8398 7557 6521 7744.0 9.2 
0.1 5719 5641 5129 5754 4993 4107 5223.9 12.1 
21 
25 5274 6266 5233 5887 6102 5227 5664.6 8.4 
10 4105 4658 3818 4742 4436 3865 4271.0 9.3 
5 3261 3886 3077 3573 3669 3168 3438.8 9.3 
1 1898 2581 1856 2121 2200 1765 2070.2 14.5 
0.5 1431 1963 1383 1584 1635 1290 1547.8 15.5 
0.1 770 1098 735 883 846 674 834.2 17.9 
32 
25 1075 1785 1248 1920 2193 1886 1684.5 25.6 
10 723 1148 831 1405 1447 1377 1155.1 27.1 
5 515 792 623 1087 1075 1056 858.0 29.3 
1 278 338 328 525 592 505 427.8 30.1 
0.5 195 276 224 451 521 346 335.6 38.5 
0.1 115 162 122 NA 257 173 165.6 34.3 
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Table B.13. Dynamic modulus of six field cores from Boone WMA base courses by IDT  
Conditions Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
3-2 3-5 4-1 8-4 8-8 9-2 
4 
25 14394 15272 11953 11036 13453 10665 12795.6 14.6 
10 13541 13756 11434 8976 12183 9491 11563.4 17.3 
5 11649 12498 NA 9755 10797 8543 10648.5 14.6 
1 8388 9296 7224 6547 7667 6424 7590.9 14.6 
0.5 7099 8011 6230 5540 6512 5515 6484.4 14.8 
0.1 4565 4989 4087 3244 4075 3750 4118.3 14.8 
21 
25 6695 6092 4621 6016 5059 4940 5570.3 14.6 
10 5265 4693 3403 4568 3943 3531 4234.0 17.2 
5 4178 3778 2814 3531 3267 3151 3453.1 14.0 
1 2444 2150 1648 2024 1826 1631 1953.8 16.1 
0.5 1790 1449 1219 1465 1389 1390 1450.4 13.0 
0.1 908 800 643 726 683 743 750.5 12.5 
32 
25 2347 2375.8 2257 2286 2269 2269 2300.8 2.1 
10 1560 1595.5 1547 1587 1438 1555 1547.2 3.7 
5 NA 1277.9 1192 1172 1116 1157 1183.0 5.1 
1 578 624.94 635 609 585 581 602.3 4.0 
0.5 559 549.99 477 443 NA 437 493.2 11.8 
0.1 275 363.77 272 242 NA 251 280.8 17.2 
 
Table B.14. Dynamic modulus of six field cores from US 6 HMA surface courses by IDT 
Conditions Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
H20-2 H20-3 H25-1 H25-2 H30-2 H30-3 
4 
25 17021 15967 15780 15687 16014 12742 15535.2 9.3 
10 15691 13600 14549 14594 15318 11812 14260.5 9.8 
5 14306 12309 13170 13495 14358 10304 12990.3 11.7 
1 11500 9497 10496 10771 11790 8531 10430.8 11.8 
0.5 10326 8438 9423 9603 10593 NA 9676.4 8.7 
0.1 7201 6111 6952 7217 8073 5624 6862.9 12.7 
21 
25 8439 8460 7063 7391 8486 9018 8142.9 9.2 
10 6870 6767 5536 6567 7022 7631 6732.3 10.2 
5 5555 5802 4682 5031 5959 NA 5405.8 9.9 
1 3670 3671 3083 3367 3425 3523 3456.6 6.4 
0.5 2844 2897 2422 2616 3174 3288 2873.4 11.4 
0.1 1612 1669 1341 1470 1852 1887 1638.6 13.0 
32 
25 2248 2583 2629 3208 2402 3454 2754.2 17.2 
10 1610 1735 1819 2306 1651 2440 1926.6 18.5 
5 1242 1311 1374 NA 1470 1896 1458.6 17.7 
1 654 720 701 964 739 1137 818.9 23.1 
0.5 506 529 533 688 578 812 607.8 19.6 
0.1 319 311 336 NA 371 455 358.6 16.3 
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Table B.15. Dynamic modulus of six field cores from US 6 WMA surface courses by IDT 
Conditions Sample, modulus in MPa 
Average Modulus 
(MPa) 
Modulus COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
W15-1 W15-2 W30-2 W30-3 
4 
25 14842 11605 12027 12135 12652.2 11.7 
10 13801 10910 10969 11122 11700.4 12.0 
5 12598 10081 10074 10045 10699.5 11.8 
1 10041 7915 7763 7458 8294.4 14.2 
0.5 9017 7116 6826 6489 7362.0 15.4 
0.1 6987 5446 4885 4638 5489.2 19.2 
21 
25 7293 6712 5125 6219 6337.2 14.5 
10 6137 5737 4532 5218 5405.9 12.8 
5 4700 4524 NA 3875 4366.3 9.9 
1 3470 3263 2278 2452 2865.6 20.5 
0.5 2796 2589 1809 1844 2259.4 22.4 
0.1 1651 1544 938 1034 1291.9 27.7 
32 
25 2853 2921 1928 2164 2466.4 20.1 
10 2028 2165 1436 1506 1783.7 20.6 
5 1559 1577 1098 1156 1347.6 19.0 
1 947 1000 571 659 794.4 26.6 
0.5 680 733 462 483 589.5 23.3 
0.1 385 415 275 295 342.3 19.8 
 
Table B.16. Dynamic modulus of six field cores from US 69 HMA surface courses by IDT 
Conditions Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
4 5 6 7 8 9 
4 
25 14539 12685 13490 13968 12128 11998 13134.8 7.8 
10 12696 11360 11976 12551 10687 10543 11635.6 7.9 
5 11824 10278 10708 11218 9406 9558 10498.7 9.0 
1 9449 7927 8155 8562 7385 7296 8129.2 9.9 
0.5 8267 6768 6986 7333 6329 6261 6990.9 10.6 
0.1 5210 4674 4685 4972 NA 4180 4744.4 8.1 
21 
25 5964 5445 5370 5675 NA 5061 5503.1 6.2 
10 4708 3771 3932 4584 3478 3766 4039.8 12.2 
5 3884 2963 3314 3798 2880 3097 3322.9 12.9 
1 2260 1676 1796 2128 1553 1732 1857.6 14.9 
0.5 1576 1184 1308 1513 1111 1231 1320.5 14.1 
0.1 790 553 629  526 574 614.4 17.1 
32 
25 2581 1820 2401 3051 2158 2061 2345.3 18.6 
10 1879 1318 1698 2308 1537 1441 1696.8 21.1 
5 1497 976 1238 1647 1155 1078 1265.2 20.3 
1 722 434 671 774 625 592 636.3 18.7 
0.5 528 406 452 594 415 363 459.6 18.7 
0.1 224  240 292 238 233 245.2 10.9 
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Table B.17. Dynamic modulus of six field cores from US 169 HMA surface courses by IDT 
Conditions Sample, modulus in MPa Average 
Modulus 
(MPa) 
Modulus 
COV 
(%) 
Temp. 
(°C) 
Freq. 
(Hz) 
1 2 3 4 5 6 
4 
25  15274 11586 10548 10762 11403 11914.6 16.2 
10 8474 13648 12235 9151 8974 9927 10401.6 19.9 
5 7433 12309 10629 8120 7931 8646 9178.2 20.6 
1 5341 9230 7864 5913 5686 6340 6729.0 22.4 
0.5 4523 8021 6809 5040 4711 5345 5741.5 24.0 
0.1 2877 5412 4490 3271 NA 3366 3883.0 26.9 
21 
25 3851 5130 4415 4028 3760 4203 4231.0 11.8 
10 2832 4018 3468 3001 2786 3395 3249.9 14.5 
5 2279 3211 2790 2450 2187 2782 2616.5 14.7 
1 1216 1722 1517 1357 1169 1530 1418.5 14.8 
0.5 876 1225 1065 974 763 1097 1000.0 16.5 
0.1 423 594 506 477 424 525 491.5 13.3 
32 
25 1637 2513 2587 1969 1380 2002 2014.8 23.5 
10 1136 1783 1822 1411 949 1405 1417.8 24.4 
5 822 1355 1387 1106 711 1044 1070.6 25.6 
1 407 684 719 528 321 536 532.6 28.9 
0.5 268 509 492 407 255 376 384.5 28.0 
0.1 199 381 339 295 NA 275 297.8 23.1 
 
Table B.18. Dynamic modulus of two field cores from IA 93 OL by IDT 
Conditions 
Sample, modulus in 
MPa Average Modulus 
(MPa) 
Modulus COV 
(%) Temp. 
(°C) 
Freq. 
(Hz) 
OL 1 OL 2 
4 
25 11905 12979 12442.2 6.1 
10 10406 11559 10982.4 7.4 
5 9211 10385 9797.6 8.5 
1 6853 7978 7415.2 10.7 
0.5 5798 6876 6336.8 12.0 
0.1 3798 4713 4255.4 15.2 
21 
25 4616 5151 4883.2 7.7 
10 3545 3912 3728.5 7.0 
5 2856 3128 2991.9 6.4 
1 1547 1807 1677.2 11.0 
0.5 1032 1318 1175.0 17.2 
0.1 606 714 659.9 11.6 
32 
25 1926 2538 2231.6 19.4 
10 1366 1674 1520.1 14.4 
5 1017 1255 1136.2 14.8 
1 559 697 627.9 15.6 
0.5 441 451 445.9 1.7 
0.1 323 NA 322.6 NA 
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c)  
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f)  
g)  
Figure B.1. Dynamic modulus master curves for (a) Boone HMA base courses, (b) Boone 
WMA base courses, (c) US 6 HMA, (d) US 6 WMA, (e) US 69, (f) US 169, (g) IA 93 OL 
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